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ABSTRACT
A u sten itic  s ta in le s s  s t e e l  c a s ts ,  welds and c lad d in g  e x h ib it  
a  columnar g ra in  s t ru c tu re  which i s  e l a s t i c a l l y  h ig h ly  a n is o tro p ic . 
Consequently, the u l tr a s o n ic  in sp e c tio n  o f th ese  m a te ria ls  i s  d i f f i c u l t  
due to  the  d ire c t io n a l  v a r i a b i l i t y  o f th e  v e lo c ity  and the  a tte n u a tio n  
o f  e l a s t i c  waves. Beam skewing, bunching and sp read ing  takes p la c e . 
Thus, to  improve th e  r e l i a b i l i t y  o f  the  in sp e c tio n , one should  know 
the  columnar g ra in  o r ie n ta t io n  w ith in  th e  m a te r ia l which i s  to  be 
in sp ec te d .
In  th i s  th e s i s ,  the  use o f  su rface  a c o u s tic  waves in  moni­
to r in g  the  s p a t i a l  g ra in  o r ie n ta t io n  in  a u s te n i t ic  s t e e l s  w ith  a  
columnar g ra in  s t ru c tu re  i s  o u tl in e d . Surface a co u s tic  waves used 
in  th e  in v e s t ig a t io n  were generated  by u s in g  an u l tr a s o n ic  goniom eter 
th a t  employs a  sim ple r e f le c t io n  p r in c ip le .
Pole f ig u re s  ob ta ined  from th e  a u s te n i t ic  s t e e l  c a s ts ,  
welds and c ladd ing  re v e a l th a t  th e se  m a te r ia ls  possess s tro n g  < 1 1 0 0  
f ib r e  te x tu re s  w ith  th e  < 100>  f ib r e /g r a in  ax is  p a r a l le l  to  th e  
columnar g ra in  a x is ,  bu t w ith  somewhat i s o tro p ic  behaviour around 
tn is  a x is .  M acroscopically  th ese  m a te r ia ls  thus possess a  s p e c ia l  
o r th o tro p ic  symmetry.
SAW c r i t i c a l  a n g le s /v e lo c i t ie s  measured on th e  p lane  
p e rp en d icu la r to  the  g ra in  ax is  show no d ire c t io n a l  dependence.
On two o th e r  p e rp en d icu la r p la n es , i . s .  p lan es  which in c lu d e  th e  
columnar g ra in  a x is ,  SAW c r i t i c a l  a n g le s /v e lo c i t ie s  a re  d i r e c t io n a l ly  
dependent in  a  manner which agrees c lo se ly  w ith  th e o re t ic a l  c a lc u la t io n s  
based upon a  sp e c ia l o rtho  tro p ic  model. Over some ranges o f  an g les  
o f  r o ta t io n  r e l a t iv e  to  the columnar g ra in  a x is ,  a  pseudo-SAW mode 
was observed to  accompany the  r e a l  SAW mode.
A c o r re la t io n  between the  angle  o f  g ra in  t i l t  (^ >) ( th e  angle
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o f t i l t  o f the  f ib r e /g r a in  ax is  from the  f re e  s u r fa c e ) ,  and
the SAW c r i t i c a l  angle d if fe re n c e  (A)> (SAW c r i t i c a l  ang le  a long  the 
Z*-axis -  SAW c r i t i c a l  angle along  the  X -ax is), fo r  an a u s te n i t ic  
s t e e l  in g o t has a lso  been e s ta b lish e d  and a  c a l ib ra t io n  curve -was 
ob ta ined  a t  2.5MHz. S im ila r c o r re la t io n  was a lso  o b ta ined  fo r  an 
a u s te n i t ic  s te e l  c ladd ing  a t  10.0MHz. With the  help  o f a  c a l ib r a t io n  
curve , a  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  curve would y ie ld  
in fo rm ation  about the angle  o f t i l t  o f  th e  c lO O >  f ib r e /g r a in  ax is  
from th e  f r e e  su rfa c e . The angle  o f  d e v ia tio n  o f th e  - d 0 0 >  f ib r e /g r a in  
ax is  from a  designa ted  p r in c ip a l  a x is  on th e  f r e e  su rfa ce  (6 ) ,  may be 
estim ated  by n o tin g  the angle o f d isplacem ent o f the  curve symmetry 
p o s i t io n . These a re  the  ang les th a t  a re  needed in  th e  c o n s tru c tio n  
o f  u l t r a s o n ic  po le  f ig u re s .
The technique mentioned above has been su c c e s s fu lly  used 
in  determ in ing  the  p re fe rre d  g ra in  o r ie n ta t io n  in  se v e ra l samples o f  
a u s te n i t ic  s te e l  c a s ts ,  weld and c lad d in g . A ll the  e stim ated  g ra in  
o r ie n ta t io n s  agree very  c lo se ly  w ith  those  in d ic a te d  by v is u a l  
exam inations and X-ray po le  f ig u re  measurements.
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1 . INTRODUCTION,
A u ste n itic  s ta in le s s  s te e l s  a re  g e n e ra lly  d e fined  as i r o n -  
chromium a llo y s  which have been s u f f i c i e n t ly  a llo y ed  w ith  n ic k e l o r 
o th e r  a u s te n ite  s t a b i l i s e r s  to  have a  s ta b le  a u s te n ite  s t r u c tu r e  a t  
room te m p e r a tu r e .B e c a u s e  o f  t h e i r  good co rro s io n  r e s is ta n c e  and high 
tem perature s tre n g th , a u s te n i t ic  s ta in le s s  s t e e l s  a re  w idely used  in  
n u c lea r o r  p e iro —chem ical p la n ts  as p la n t  components such as  p ip e s , 
v a lv e s , pumps, e tc .  Weldments a re  a lso  made to  jo in  th ese  p a r t s  o r  a t ta c h  
them to  an o th er carbon s t e e l  ite m s . In  most w ater-coo led  r e a c to r s ,  th e  
p re ssu re  v e s se ls  a re  norm ally fa b r ic a te d  from low a l lo y  f e r r i t i c  s t e e l .
To minimise problem o f  co rro s iv e  a t ta c k  on th e se  s te e l s  i n  s e rv ic e , i t  
i s  common p ra c t ic e  to  apply  an in te r n a l  a u s te n i t ic  s t e e l  c lad d in g  to  th e
2 A
p re ssu re  v e s s e l ,  norm ally as a  weld d ep o sited  o v e rlay . However,
cracks have o cca s io n a lly  developed n e a r o r  a t  th e  weld o f  a u s te n i t i c
s t e e l  e i th e r  du ring  w elding o r  in  subsequent s e rv ic e . N a tu ra lly , th e
d e te c tio n  o f  such im p erfec tio n s  b e fo re  they  le a d  to  severe  f a i l u r e  i s
h ig h ly  d e s ir a b le . U ltra so n ic  t e s t in g  i s  one o f  th e  p o s s ib le  techn iques
th a t  may be used to  in s p e c t and to  a sse ss  th e  s t r u c tu r a l  i n t e g r i t y
o f th e se  components. In  some c a se s , i t  i s  the  on ly  technique p r a c t i c a l l y
a p p lic a b le . This m ainly concerns components o f  the  prim ary and a u x i l ia ry
5
c i r c u i t s  o f  n u c lea r p la n ts .
For a  long  tim e i t  has been recogn ised  th a t  u l t r a s o n ic  in sp ec ­
t io n  o f a u s te n i t ic  weld components i s  p a r t ic u la r ly  d i f f i c u l t  because o f  
the high le v e l  o f  a tte n u a tio n  as w ell as high le v e l  o f  n o ise  which a re  
r e la te d  to  the  coarse  g ra in  s t ru c tu re  ty p ic a l ly  found in  th e se  m a te ria ls .*  
Recent work however shows tr ia t th e  d i f f i c u l ty  in  in te r p r e t in g  th e  d a ta
ob ta ined  from a u s te n i t ic  welds i s  m ainly due to  the  m acroscopic a n iso -
9 10tropy  a sso c ia te d  w ith  the  s t ru c tu re  o f such m a te r ia ls . ’ I t  has been 
shown by v a rio u s experim enters th a t  the  macroscopic an iso tro p y  observed 
in  a u s te n i t ic  welds i s  caused by the  form ation  o f  a  c o lumnar g ra in  s t r u c —
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tu re  as a  r e s u l t  o f e p i ta x ia l  and. com petitive  growth du rin g  s o l i d i f i ­
c a tio n . Normally th e  g ra in s  tend  to  grow along  the  s te e p e s t  therm al 
g ra d ie n t in  the  weld head a long  a  <100> c ry s ta llo g ra p h ic  a x is .* 0”12 As 
a  r e s u l t  o f the  weld a n iso tro p y , th e  observed wave v e lo c i ty ,  a t te n u a tio n  
and d e f le c tio n  o f  th e  tra n sm itte d  s ig n a ls  in  a u s te n i t ic  weldments a re  
n o t uniform  bu t vary  as a  fu n c tio n  o f  the angle between th e  d ire c t io n s  
o f  columnar g ra in  alignm ent and the  a x is  o f  th e  u l t r a s o n ic  beam.
In  most a u s te n i t ic  weld m eta ls , the  o v e ra ll  l i n e  o f  maximum 
therm al g ra d ie n t fo llow s a  curved p a th . Consequently th e  columnar 
grains produced a re  a lso  ly in g  a long  a  curved p a th  and th e  average g ra in  
alignm ent may vary  s tro n g ly  from p o in t - to -p o in t .  The e f f e c t  o f  the  
s p a t i a l  v a r ia t io n  o f  the  g ra in  o r ie n ta t io n  to  th e  u l t r a s o n ic  propaga­
t io n  in  a u s te n i t ic  weld me tails has been in v e s t ig a te d  by S i l k .1^ ’1^
In  o rd e r to  p re d ic t  the  e f f e c t  o f  th e  a u s te n i t ic  weld reg io n  on the  
passage o f  u l t r a s o n ic  beam, S ilk  has b u i l t  a  model o f  th e  s t r u c tu r a l  
p a t te rn  w ith in  the  weld where th e  s e c tio n  through th e  specimen o f  
i n t e r e s t  i s  d iv id ed  in to  a  number o f  q u a d r i - la te r a l  re g io n s . Each 
re g io n  c o n s is ts  a  group o f columnar g ra in s  whose axes a re  p a r a l l e l  to  
each o th e r  and which assumes an ang le  (8 ) w ith  re s p e c t to  th e  v e r t i c a l  
a x is  o f  the  specimen. He shows th a t  the  u l tr a s o n ic  wave p rop ag a tio n  
assumes d i f f e r e n t  c h a r a c te r i s t ic s  in  d i f f e r e n t  re g io n s . Thus, i t  i s  
c le a r  th a t  i n  th e  u l t r a s o n ic  in sp e c tio n  o f  an a u s te n i t ic  s t a in le s s  
s t e e l  weld m eta l, one has to  know th e  s p a t i a l  v a r ia t io n  o f th e  g ra in  
o r ie n ta t io n  a t  l e a s t  in  the reg io n  o f  the  beam p a th . Knowing the  
te x tu re  v a r ia t io n  in  the  beam p a th , the  c o rre c t io n  f a c to r  which 
in c lu d es  the e f f e c t  o f  th e  weld a n iso tro p y  due to  th e  e x is te n c e  o f  the  
columnar g ra in s  can be made.
The most common method o f  d e sc rib in g  te x tu re s  i s  by means o f  
a  po le  f ig u r e ,  i . e .  s te reo g rap h ie  p ro je c tio n  which shows th e  v a r ia t io n  
in  po le  d e n s ity  w ith  po le  o r ie n ta t io n  fo r  a  s e le c te d  s e t  o f  c r y s t a l l o -
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graph ic  p la n es . B a s ic a lly , th is  technique does n o t meet the  nondestruc­
t iv e  t e s t in g  requ irem en t. Most o f  the X -ray goniom eters can only  
' determ ine po le  f ig u re s  on sm all samples c u t from the  w eld. This des­
tro y s  the  weld and s t ru c tu re  from which they a re  taken  and th e  compo­
n en t can no lo n g e r be used . In  a d d itio n , a  complete po le  f ig u re  tak es  
a  good deal o f  time (u su a lly  more than  2 hours) to  o b ta in . A s im p le r, 
l e s s  expensive n o n d estru c tiv e  te s t in g  method fo r  m onitoring  the  te x tu re  
i s  d e s ira b le  f o r  in d u s t r ia l  a p p lic a t io n s . For th is  purpose we w il l  
exp lo re  th e  p o s s ib i l i ty  o f  u s in g  su rfa ce  a c o u s tic  wave (SAW) v e lo c i ty  
measurement which i s  based on the p r in c ip le  o f  r e f le c t io n  o f  u l t r a s o n ic  
s ig n a ls  a t  l iq u id / s o l id  in te r f a c e s .
The measurement o f  u l t r a s o n ic  v e lo c i ty  based on th e  r e f le c t io n
15p r in c ip le  was f i r s t  suggested  by Mayer in  I960. In  th i s  tech n iq u e , 
u l tr a s o n ic  v e lo c i ty  i n  the  s o l id  i s  determ ined by m easuring th e  ang le  
o f  u l t r a s o n ic  in c id e n t beam a t  which c r i t i c a l  angle i s  ach ieved . In  th e  
system s where Yy< V^< Y^ , th re e  c r i t i c a l  angles e x is t  th a t  c o rre s ­
pond to  th e  p ropagation  o f lo n g itu d in a l wave, tra n sv e rse  wave and 
su rfa ce  wave. Y_,, 7m, and YT a re  th e  v e lo c i t ie s  o f su rfa ce  wave,
JX 1  l i
tra n sv e rse  wave and lo n g itu d in a l wave in  th e  s o l id  r e s p e c tiv e ly , w hile
YTrf i s  th e  v e lo c ity  o f the  lo n g itu d in a l wave in  the  l iq u id .  When th e
angle  o f in c id e n t u l tr a s o n ic  beam equals 0 , the  angle where a  su rfa cea
wave i s  g en era ted , the  fo llow ing  r e la t io n  occu rs;
VH = Vw /  s in  eB
Using th i s  ex p ress io n , i f  the  v e lo c i ty  o f th e  lo n g itu d in a l wave in  th e  
l iq u id  (Y ) and 9 a re  known, i t  i s  p o s s ib le  to  c a lc u la te  th e  su rfa c e
W £1
wave v e lo c i ty  (Yn ) in  th e  s o l id .  O bservation by v ario u s  workers ag rees
th a t  0 i s  p a r t ic u la r ly  s e n s i t iv e  to  th e  p h y s ica l p ro p e r tie s  o f  th eK
16-18s o l id  in  which i t  p ro p ag a tes . Thus, by m easuring ©R a t  s e v e ra l
o r ie n ta t io n s  w ith  re s p e c t to  the  desig n a ted  a x is  on th e  m a te r ia l
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su rfa c e , one should be ab le  to  a sse ss  th e  m a te ria l a n iso tro p y .
Based on the  m acro s tru e tu ra l o b serv a tio n  and the  X-ray po le  
f ig u re  r e s u l t s ,  we propose th a t  the  a u s te n i t ic  s ta in le s s  s t e e l  in g o t, 
weld and c ladd ing  in v e s t ig a te d  assume a  s p e c ia l o r th o tro p ic  symmetry in  
which they a re  is o t r o p ic  in  one p lane and h ig h ly  a n iso tro p ic  in  two 
o th e r  m utually  p e rp en d icu la r p la n es .
The worK begins w ith  the  in v e s t ig a tio n  o f th e  r o ta t io n a l  SAW 
c r i t i c a l  a n g le /v e lo c ity  measurement in  the  a u s te n i t ic  s t e e l  in g o t pro­
vided  by the  M etallurgy Department, U n iv e rs ity  o f  S h e ff ie ld . The v a l i ­
d i ty  o f  the  proposed model was examined by m easuring th e  r o ta t io n a l  SAW 
v e lo c i ty  in  th i s  m a te r ia l .  The r e s u l t  was compared w ith  th e  c a lc u la te d  
r e s u l t  based on the  assum ption th a t  the  in g o t behaves as a  s in g le  c ry s ­
t a l  w ith  s p e c ia l o r th o tro p ic  symmetry. Then, th e  ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  i s  measured in  a  s e r ie s  o f  b ia s  c u t specimens o f s im ila r  
m a te r ia l .  This has enabled us to  c o n s tru c t a  c a l ib r a t io n  curve o f  ‘SAW 
c r i t i c a l  ang le  d if fe re n c e s  (A)* v ersus the  ang le  o f b ia s  c u t (oc). The 
SAW c r i t i c a l  angle  d if fe re n c e  i s  d e fined  as th e  SAW c r i t i c a l  ang le  when 
i t  p ropagates along th e  Z *-axis (0Z») “i 11113 th e  SAW c r i t i c a l  ang le  when 
i t  p ropagates p e rp en d icu la r to  the  Z*-axis ( e .g .  along th e  X *-axis ( $ £ , ) ) .  
(For th e  co o rd in a te  system , r e f e r  to  f i g s .  12 and 1 5 ). The ang le  o f  b ia s  
c u t (oc) i s  defined  as th e  angle  between th e  g ra in  a x is  and th e  Z *-axis 
o f  th e  specimen. By r e f e r r in g  to  th i s  curve, any measurement o f  the  
ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  made on th e  m a te r ia l having th e  s im i­
l a r  a co u s tic  p ro p e r tie s  w ith  th a t  o f the  in g o t, y ie ld s  in fo rm atio n  about 
the  o r ie n ta t io n  o f the  columnar g ra in  a x is  a t  th e  p o in t where th e  measu­
rem ent i s  made. The c a p a b i l i ty  o f  th i s  technique in  m onitoring  th e  g ra in  
o r ie n ta t io n  i s  then  compared to  th a t  o f the  v is u a l exam ination and th e  
po le  f ig u re  techn ique. The g ra in  o r ie n ta t io n  on vario u s  p o s it io n s  and 
p lanes o f the  a u s te n i t ic  weld was determ ined by u s in g  a l l  th ese  techn iques 
and th e  r e s u l t s  were compared. F in a l ly ,  th i s  technique i s  used to
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p re d ic t  th e  g ra in  o r ie n ta t io n  in  s e v e ra l types o f c ladd ing  m a te r ia ls .
A ll th e  experim ents mentioned in  th is  th e s is  were c a r r ie d  
ou t e i th e r  a t  the U n iv e rs ity  o f Surrey o r a t  the  Atomic Energy Research 
E stab lishm ent (AERE) H arw ell. The X-ray po le  f ig u re s  fo r  the  a u s te n i­
t i c  s ta in le s s  s t e e l  weld were ob ta ined  by u s in g  an X -ray goniom eter 
in  the  M etallurgy Department, U n iv e rs ity  o f Surrey . The X-ray po le  
f ig u re s  fo r  the  a u s te n i t ic  s t e e l  in g o t and c lad d in g  were o b ta in ed  
u sin g  an autom atic X-ray goniom eter a t '  the  M etallurgy  D iv is io n , AERE 
H arw ell. The r e s t  o f th e  experim ents were c a r r ie d  o u t a t  th e  
N ondestructive  T es tin g  C entre, AERE H arw ell.
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2. LITERATURE SURVEY.
2*1* E la s t ic  bulk wave propagation  in  a n iso tro p ic  s o l id s  w ith  
o r th o tro p ic  symmetry*
2 .1 .1 .  In tro d u c tio n .
The im portan t a p p lic a tio n s  o f  n o n d estru c tiv e  te s t in g  (RUT) a re  
th e  d e te c tio n  and the  c h a ra c te r is a t io n  o f d e fe c ts  in  m e ta ll ic  components. 
In  conven tional u l t r a s o n ic  t e s t in g  th e  beam re f le c te d  from a  d e fe c t i s  
observed and the  lo c a tio n  o f  the  d e fe c t i s  determ ined from the  tim e the  
u l t r a s o n ic  p u lse  tak es  to  t r a v e l  to  and from the  d e fe c t .  The s iz e  o f  the  
d e fe c t ,  on the  o th e r  hand, i s  estim ated  by m easuring th e  am plitude o f 
the  r e f le c te d  u l tr a s o n ic  -wave. However, in  a u s te n i t ic  s t e e l s  w ith  welded 
and c a s t  s t r u c tu r e s ,  th i s  conventional u l t r a s o n ic  te s t in g  method i s  un­
ab le  to  lo c a te  and c h a ra c te r is e  th e  d e fe c t a c c u ra te ly  due to  th e i r  
s t r u c tu r a l  and m echanical an iso tro p y  caused by lo c a l  p re fe r re d  o r ie n ta ­
t io n  o f  columnar g ra in s . As a  r e s u l t ,  th e  v e lo c i ty  o f p ro p ag a tio n  f o r  
both  lo n g itu d in a l and tra n sv e rse  waves w il l  depend on th e  d i r e c t io n  o f  
th e  u l tr a s o n ic  waves. In  th i s  s e c tio n , th e  bulk  wave p ro p ag a tio n  in  a  
medium w ith  o r th o tro p ic  symmetry w il l  be review ed. The d e r iv a t io n  o f  th e  
e l a s t i c  co n stan ts  from th i s  theo ry  w il l  a lso  be shown.
2 .1 .2 . Theory.
The s u b je c t  o f the  p ropagation  o f  e l a s t i c  waves in  a n iso tro p ic
19-21media has been s tu d ie d  i n  g re a t d e ta i l  by Kusgrave. The e l a s t i c
p ro p e r tie s  o f  a  g en era l s o l id  a re  determ ined by th e  m atrix  form o f 
Hooke’s Law between s t r e s s  (<r) and s t r a i n  ( e ) ;
{ o -} a [C ]{ e }
where {0“} i s  the  s t r e s s  m atrix , {e} i s  th e  s t r a in  m a trix , and [c] i s  th e  
e l a s t i c  co n stan ts  m atrix . M ate ria ls  w ith  th re e  m utually  p e rp en d icu la r 
p lanes o f e l a s t i c  symmetry have an e l a s t i c  c o n s ta n t m a trix  th a t  assumes
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the  form;
C11 °12 C13 0 0 0
C12 C22 C23 0 0 0
°13 °23 C33 0 0 0
0 0 0 °44 0 0
0 0 0 0 °55 0
0 0 0 0 0 C66
This type o f  m a te r ia l i s  s a id  to  have an o rth o  tro p ic  symmetry and i t  i s  
c le a r  th a t  i t s  p ro p e r tie s  depend on n in e  independent e l a s t i c  c o n s ta n ts . 
For th e  convenience o f  fo rm u la tio n , th ese  e l a s t i c  co n stan ts  a re  w r i t te n  
as fo llo w s ;
C n = A
•C
M
C
M
O
c 3 3  =  c
c 2 3  =  p .  G c 1 2 - H
C44 = L C 5 5  .  M °66 = H
From th e  th eo ry  o f  e l a s t i c i t y ,  th e  eq u ation  o f motion o f a  p e r f e c t ly  
e l a s t i c ,  homogeneous, o r th o tro p ic  medium may be w r it te n  i n  th e  form 
o f ;22’25
P i ?  = + He-  + < * , J  + T  (H e „ )  + (M e„)yy z z ' ,  . i y '
p ~ 5  = — (He ) + ~ T  (He__ + Be,„, + F e„J + i  (Le , J
' i t 2  S i  * *  S y  “  ™  z z  S z  y z
p~0 s  — (Me ) +• — (Le ) + — (Ge 4 Fe + Ce )
' 6 t  S i  z x  S y  y z  S z  “  w  z z
(2.1)
where (u,v,w) are the particle displacements from the undisturbed posi­
tion (x,y,z), e = Su/6x, e a Sv/6z + 6w/6y.   are the typicalxx yz
components o f  s t r a i n  and p i s  the  d e n s ity  o f  m a te r ia l concerned.
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In  th i s  p a r t i c u la r  c a se , the  p a r t i c l e  motion o f  a  p lane wave 
t r a v e l l in g  in  the  d i r e c t io n  g iven  by the  d ire c t io n  cosin es  ( l , m, n ) ,  i s  
assumed to  be o f th e  form;
(u ,v ,w ) st (U ,V ,W )ejp(ik(lx  + my + n z - c t j ) (2,2 ;
where (U,V,W) a re  the  wave am plitudes, c i s  the  phase v e lo c i ty  and k i s  
a  wavenumber. S u b s ti tu t io n  o f  equation  (2*2) in to  eq uation  (2 .1 )  y ie ld s  
a  s e t  o f  a  l in e a r  homogeneous a lg e b ra ic  equations f o r  th e  am plitudes 
(U,V,W) whose non-zero co n d itio n  i s ;
S ince th i s  i s  a  cubic eq u ation  in  c , tn e re  a re  th re e  p o s s ib le  propaga­
t io n  v e lo c i t ie s  f o r  such a  p lane  wave* The p a r t i c l e  d isp lacem ents o f  
th ese  th re e  waves a re  m utually  orthogonal* In  g e n e ra l , th e  p a r t i c l e  
d isp lacem ents a re  n e i th e r  p a r a l l e l  n o r p e rp en d icu la r to  th e  d ir e c t io n  
o f  wave p ro p ag a tio n . In  th ese  c a se s , the  waves a re  q u a s ilo n g itu d in a l 
o r  q u asi tra n sv e rse  when the p a r t i c l e  d isp lacem ent i s  n e a r ly  p a r a l l e l  
o r  p e rp en d icu la r, re s p e c tiv e ly , to  the  p ropagation  d i r e c t io n .  In  th e  
h igh  symmetry d ir e c t io n s ,  pure mode lo n g itu d in a l o r tra n sv e rse  waves 
occur where the  p a r t i c l e  d isp lacem ents a re  s t r i c t l y  p a r a l l e l  o r  perpen­
d ic u la r  to  the  d ire c t io n  o f  wave t r a v e l .
2 .1 .3*  E la s t ic  co n s ta n t d e r iv a t io n .
I t  i s  ev id en t from th e  equation  (2 .3 )  th a t  th e  elem ents o f
e l a s t i c  co n stan ts  may be c a lc u la te d  by m easuring th e  u l t r a s o n ic  v e lo c i ty
24in  a  number o f s p e c if ic  d ir e c t io n s .  The re la t io n s h ip s  between th e  wave 
v e lo c i t ie s  and the  e l a s t i c  co n stan ts  a re  summarised in  ta b le  1 . P ig . 1 
i l l u s t r a t e s  th e  co o rd in a te  system used and shows a  p o s i t iv e  r o ta t io n
l^ A+iA+n^ M-pc^ lm(H-rif) ln(G+M)
lm(H+N)
ln(G+M)
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about the  2 -a x is . The th re e  p lanes o f  e l a s t i c  symmetry in  an o r th o tro ­
p ic  m a te r ia l a re  a lig n ed  w ith  th e  p lan es  de fin ed  by p a ir s  o f  co o rd in a te  
axes. The f i r s t  su b sc r ip t  on c in d ic a te s  the  d ire c t io n  o f  p ropagation  
w hile the  second s u b sc r ip t  in d ic a te s  th e  d i r e c t io n  o f p o la r is a t io n ,  
e .g .  c ^  re p re se n ts  tra n sv e rse  wave v e lo c i ty  p ropaga ting  in  the  3-  
d ir e c t io n  and p o la r is e d  along th e  1 -d ir e c t io n .  Once the  e l a s t i c  cons­
ta n ts  a re  c a lc u la te d  from the  r e la t io n s  above, the  l a s t  th re e  equations
can be so lved  to  c a lc u la te  the  v a r ia t io n s  o f  the  v e lo c i t ie s  as a
25*28fu n c tio n  o f  o r ie n ta t io n .  ”
Propagation direction Elastic constant relations
2 „ 2 „ 21-axis C11 “ P°ll 66 = P° 1 2 c55 = P° 1 3
2 2 2
2-axis 22 = P°2 2 66 " P°2 1 C4 4 = P° 2 3
3-axis
C33 = P°33 °55 = f°3X °44 ’ P0^
l'-axis c 1 2 = ♦ »2C66 - po^)(l2C66
(Rotation around 3) + m2C22 - po{2))^ - C66
2 *-axis C23 = m~ln”1((n‘2c22 * n2°44 - Pc2 2 ^ m2°44
(Rotation around l) + » C53 -  P°2 2))^ ~ c44
3 *-axis C15 = n_1l"1((n2C11 + 12C55 - pc'2 )(n2C55
(Rotation around 2)
+ l2°33 - P°33) ) 4  ' C55
Table 1 . R e la tio n s  between u l t r a s o n ic  v e lo c i t ie s  and e l a s t i c  
co n stan ts  f o r  a  m a te r ia l w ith  o r th o tro p ic  symmetry.
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F ig . 1 . R eference co o rd in a te  axes and i l l u s t r a t i o n  
o f  a u s te n i t ic  s ta in le s s  s t e e l s  w ith  a  columnar g ra in  
s t ru c tu re  w ith  th e  id e a l i s a t io n  o f a l l  s o l i d i f i c a t i o n  
as p a r a l l e l .
2 .2 . E la s t ic  su rfa c e  a co u s tic  wave (SAW) p ropagation  on a n iso tro p ic  
s o l id s  w ith  o r th o tro p ic  symmetry.
2 .2 .1 .  In tro d u c tio n .
The s t a r t i n g  p o in t an any d isc u ss io n  o f  su rfa c e  waves must 
always the  paper by Lord Rayleigh in  which he g iv es  th e  v e lo c i ty  eq u a tio n
f o r  p lane su rface  waves p ropaga ting  on the  f r e e  su rfa ce  o f  a  sem i-
29in f i n i t e  i s o t ro p ic  s o l id .  These waves a re  modes o f  p ro p ag a tio n  o f  
e l a s t i c  energy a long  th e  f r e e  su rfa ce  on an i n f i n i t e  h a lf -sp a c e  in  
which the  disp lacem ent am plitudes o f  th e  p ro p ag a tin g  waves decay expo­
n e n t ia l ly  w ith  dep th  so th a t  the  m echanical energy tra n sp o rte d  by th e  
waves i s  concen tra ted  in  a  reg io n  o f  th e  o rd e r o f a  w avelength i n  dep th  
beneath the su rfa c e . This type o f  su rfa ce  wave has come to  be c a l le d
30th e  'R ayleigh  Wave' which has a  p a r t i c l e  m otion in  th e  form o f  e l l i p s e .  
S ince th en , l i t t l e  has been added to  th e  a n a ly s is  o f th e  problem o f
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su rface  wave p ropagation  on an is o t ro p ic  h a lf -sp a c e . More re c e n tly , 
the  a n a ly s is  has been extended to  in c lu d e  propagation  o f  su rfa ce  wave 
in  lay e red  is o tro p ic  media, waves o f obvious s ig n if ic a n c e  in  earthquake 
and g e o lo g ic a l s t u d i e s . ^
The ex is ten ce  o f  su rface  waves in  an a n iso tro p ic  h a lf-sp a c e
has been in v e s t ig a te d  by S toneley , who considered  th e  s p e c ia l case o f
32 . 3 3tra n s v e rse ly  i s o t r o p ic ,  and cub ic  media. However, he d iscu sses  waves
whose am plitude decays away from the  su rfa ce  w ith  exponen tia l term s o n ly ,
whereas l a t e r ,  an o th er au th o r has in c luded  the  'g e n e ra lis e d  su rfa c e  wave'
in  which the  decay o f  the  am plitude a lso  in c lu d es  e x p o n en tia lly  damped 
34 35s in u so id a l term s. N eglect o f  th e se  v a l id  so lu tio n s  le d  S toneley
to  th e  erronous conclusion  th a t  su rfa ce  waves a re  p e rm iss ib le  on th e  
(100) p lane  o f  on ly  a  very  r e s t r i c t e d  c la s s  o f  cubic c r y s ta l s .  Most 
o f  th e  pub lished  num erical r e s u l t s  co n sid e r only  p ropaga tion  on c r y s ta l
23
symmetry p lanes o r  normal to  them. S to n e ley , ' d e riv ed  g en era l
exp ressions f o r  determ ining  the  p ropaga tion  c h a r a c te r i s t ic s  in  th e  <  100>
and th e  <  110>  d ire c t io n s  fo r  su rfa ce  waves p a r a l le l  to  th e  (100) p lane
o f  cubic  c r y s ta l s .  He a lso  p resen ted  a  num erical c a lc u la t io n  f o r  one
a r b i t r a r y  d i r e c t io n ,  i . e .  15° from th e < 1 0 Q > a x is  in  the  (100) p lane  o f
rock  s a l t .  However, because o f  h is  r e s t r i c t i o n  to  ex p o nen tia l damping
terms on ly , th e re  were many fo rb idden  d ire c t io n s  in  which th e  su rfa ce
36wave could n o t p ropaga te . L a te r , in  i 960, Gazis e t  a l ,  c a lc u la te d  th e  
v e lo c i ty  o f  su rfa ce  waves in  g en e ra l d ire c t io n s  on th e  b a sa l p lan e  o f 
cubic c r y s ta l s .  They too have found th a t  f o r  some m a te r ia ls  such as a lu ­
minium and copper, su rface  waves sim ply do n o t e x is t  in  a  range o f  d i r e c -
3 7 -3 9
t io n s  which a re  around th e  <110> d ir e c t io n . Buchwald and D avies, 
s t a t e  c a te g o r ic a l ly  th a t  su rface  waves in  a n iso tro p ic  media a re  p o s s ib le  
only  i f  th e  f r e e  p lane  i s  a  p lane o f  symmetry o f  the  m a te r ia l .  Thus, i n  
cubic c r y s ta l s ,  su rfa ce  waves can propagate  on th e  ( 100) and ( 110) 
p lanes on ly . Moreover, t h e i r  c a lc u la tio n s  show la rg e  ranges o f  fo rb id d en
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d ire c t io n s  n ear the <  110> d ir e c t io n  in  the (100) p lane o f  aluminium,
iro n  and le a d , and n ear th e < 1 1 0 > a x is  in  the  (110) p lane  o f rock
s a l t .  F u rth e r com putations o f a  s im ila r  n a tu re  fo r  LiF and copper
40have been pub lished  by T ursonov ,, a lso  showing the  d ire c t io n  n ear
the  <  110 >  ax is  as being  fo rb id d en .
Surface a c o u s tic  wave p ropagation  on the  YZ-plane o f q u a rtz
41c r y s ta ls  has been considered  by Verevkina e t  a l ,  w hile Coquin and 
42T ie rs te n , p resen ted  more d e ta i l s  both  fo r  the  YZ-plane and fo r  propa­
g a tio n  along  th e  d iagonal a x is  o f  ro ta te d  Y -cuts q u a r tz . For th ese
c ase s , no fo rb idden  ranges o f  d ire c t io n s  a re  re p o r te d . Tonning and 
43In g e b rig s te n , have pub lished  v e lo c i t i e s ,  p ropaga tion  c o n s ta n ts , and 
d isp lacem ent v e c to rs  fo r  r e l a t iv e ly  h igh  symmetry d ire c t io n s  i n  q u a rtz  
and cadmium su lph ide  w hile Lim and F a r a e l l , ^ ’^  in v e s t ig a te d  num eri­
c a l ly  c e r ta in  h ig h ly  a n iso tro p ic  c a se s . Both s tu d ie s  in d ic a te  th a t  
ranges o f  fo rb idden  d ire c t io n s  o f  su rfa ce  wave p ropagation  do n o t e x i s t  
on any c ry s ta l  consid ered . These d ire c t io n s  a re  shown to  be those  in  
which the  su rface  wave degenera tes co n tinuously  in to  a  bulk  sh ea r wave.
Numerous experim ents concern w ith  th e  p ropagation  o f su rfa ce  
waves on the f r e e  su rface  o f a n iso tro p ic  c r y s ta ls  have re v e a le d  the
e x is ten ce  o f a_mode o f  p ropaga tion  in  which the  phase v e lo c i ty  exceeds
16,48th a t  o f th e  low est q uasi tra n sv e rse  bulk  wave in  the  same d i r e c t io n .
Furtherm ore, th i s  mode o f  p ropagation  appears fo r  i s o la te d  ang les o n ly .
47This mode was id e n t i f ie d  by Engan e t  a l , as one th a t  co n ta in s  a  bu lk  
wave component as  w ell as components decaying w ith  dep th . The bu lk  term  
r a d ia t in g  energy in to  the  s u b s tra te  and a tte n u a tin g  th e  su rfa ce  d is p la c e ­
ment w ith  d is ta n ce  along the  su rfa c e . During the  num erical in v e s t ig a t io n  
o f  su rfa ce  wave p ropagation  in  va rio u s  a n iso tro p ic  c r y s ta l s ,  i t  has 
a lso  been noted  th a t  in  some s e ts  o f circum stances th e re  i s  a  s o lu tio n
to  th e  su rface  wave problem which i s  o f  R ayleigh type and has a  phase
45,49
v e lo c ity  h igher than  th a t  o f the low est tra n sv e rse  bulk wave. This
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mode i s  l a t e r  c a l le d  ‘pseudo-su rface  wave * which i s  a  coupled, mode 
in v o lv in g  terms decaying ra p id ly  beneath  the  su rfa ce  and a  term 
re p re se n tin g  a  bulk  wave r a d ia t in g  in to  the  s o l i d . ^  The l a t t e r  
term does n o t s a t i s f y  th e  o r ig in a l  co n d itio n  th a t  th e  d isp lacem ent 
components van ish  a t  i n f i n i t e  dep th , thus i t  cannot be c a l le d  tru e  
su rfa ce  wave. N ev erth e le ss , f o r  most cases the  r a d ia t in g  term i s  
sm all enough f o r  th i s  wave to  s a t i s f y  most o f  the  experim ental condi­
t io n s  fo r  su rface  waves.
2 .2 .2 . Form ulation o f  th e  problem.
In  th i s  s e c t io n , th e  theory  o f  su rfa ce  wave p ropagation  i n  a
medium w ith  o rth o  tro p ic  symmetry w il l  be o u tlin e d . This p a r t i c u la r  type
o f  medium i s  o f  s p e c ia l i n t e r e s t  because i t  i s  thought th a t  th e  a u s te n i-
t i c  s ta in le s s  s t e e l  in g o t, weld and c ladd ing  in v e s t ig a te d  po ssess  a
s p e c ia l  o r th o tro p ic  symmetry which may be inc luded  under o r th o tro p ic
26—28symmetry as a  p a r t i c u la r  case.  The o r ig in a l  theo ry  o f  e l a s t i c
su rfa ce  wave p ropagation  in  o r th o tro p ic  m a te r ia ls  has been d e riv ed  by 
50S tone ley . U n fo rtu n a te ly , a l l  the  d e r iv a tio n s  a re  r e s t r i c t e d  f o r  the  
case o f waves p ropagating  on the Z « 0 p la n e . In  the  s p e c ia l  o rth o  t r o ­
p ic  m a te r ia l c a se , such a  p lane i s  i s o t r o p ic ,  hence no d i r e c t io n a l  
dependence o f SAW v e lo c i ty  w il l  be observed. The p lanes th a t  a re  o f  
in t e r e s t  a re  those co n ta in in g  the  Z -a x is , i . e .  X « 0 and Y = 0 p la n e s .
In  th i s  p a r t i c u la r  m a te r ia l ,  the  wave p ropaga tion  in  bo th  p lan es  assumes 
s im ila r  c h a r a c te r i s t i c s .  For the purpose o f  de term in ing  the  r o ta te d  SAW 
v e lo c i ty  in  th e  c a s t  a u s te n i t ic  s t e e l ,  we have m odified th e  o r ig in a l  
theory  o f  S toneley  to  a  new one th a t  in c o rp o ra te s  the  case o f  th e  wave 
p ropagation  in  Y -  0 p lane  o f a  sp e c ia l  o r th o tro p ic  m a te r ia l .
In  view o f the  m acro stru c tu re  o f the  in g o t th a t  i s  go ing  to  
be in v e s t ig a te d , we w il l  confine th e  fo rm ula tion  fo r  the  wave p ro p ag a tio n  
on the  XZ-plane on ly . The co o rd in a te  system f o r  th e  SAW problem o f  i n t e r e s t
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h ere  w il l  be taken w ith  Y as the  outward normal to  the  f r e e  su rfa ce  o f 
th e  medium which occupies the  h a lf  space Y<C.O as shown in  f i g .  2;
k l
kn
P ig . 2. R eference co o rd in a te  axes f o r  th e  su rfa c e  wave
problem w ith  the  Z -ax is  a lig n ed  a long  the  g ra in  a x is .
2fae s o l id  occupies the  low er h a lf  space (Y<10).
For th e  system  shown in  f i g .  2 , a t  any p o in t (x ,y ,z )  in  the  
medium, th e  d isplacem ent components (u ,v ,w ) can be assumed to  be o f  the  
form;
(u ,v ,w ) .m (u,V,W )exp(ikqy +  ik ( l x  + nz -  c t ) )  .......................... (2 .4 )
where c i s  th e  phase v e lo c i ty ,  k i s  the  magnitude o f th e  p ropaga tion  
v e c to r , (U,V,W) a re  the  wave am plitudes and q i s  the  a t te n u a tio n  cons­
t a n t .  To be c a lle d  a  su rface  wave, the  a tte n u a tio n  c o n sta n t in  each o f 
the  terms o f  the  so lu tio n  must be such th a t  the am plitudes o f a l l  d is ­
placem ent components van ish  as Y---- ►oq .
I f  equation  (2 .4 )  w ith  s p e c if ie d  value o f 1 and n i s  s u b s t i ­
tu te d  in to  equation- ( 2 . l ) r then  a  s e t  o f l in e a r  homogeneous a lg e b ra ic
-3 1 -
equations f o r  the  am plitudes (U,Y,W) a r i s e  whose n o n tr iv ia l  so lu tio n  
re q u ire s  th a t ;
Al2fMn2-p c 24-Nq2 (H+N)lq (M-HG)ln
(H+N)lq Nl2+Ln2-p c 2+Bq2 (P+L)nq
(G+M)ln (F+L)nq Ml2+Cn2-p c 2+Lq2
2 2Equation (2 .5 )  i s  a  th i r d  degree equation  i n  th e  v a r ia b le s  c and q .
C onsequently, to  each p o s i t iv e  r e a l  va lue  o f th e  phase v e lo c i ty  c ,  th e re
corresponds i n  g en era l th re e  d i f f e r e n t  v a lues o f a tte n u a tio n  c o n s ta n t
( q .) s a t i s f y in g  the  co n d itio n  f o r  ex is ten c e  o f  a  su rface  wave. The
n a tu re  o f  th e  a t te n u a tio n  co n stan ts  invo lved  determ ines th e  type o f  s u r -
face  wave th a t  may propagate in  th e  medium. I f  a l l  the  (q .) invo lved
J
in  th e  s o lu tio n  a re  n eg a tiv e  r e a l ,  th en  the  d isplacem ent components
decay e x p o n en tia lly  w ith  dep th , a  case  r e fe r re d  p rev io u s ly  a s  th a t  o f
R ayleigh type waves. However* two o f  th e  th re e  ro o ts  o f  th e  eq u a tio n
(2 .5 )  may be complex co n ju g a tes . The corresponding  q . a re  a lso  complex
con jugates and the  d isp lacem ents a sso c ia te d  w ith  th ese  q . may be
expressed  in  terms o f  p roducts o f  tr ig o n o m etric  and ex p o n en tia lly
decaying fu n c tio n  o f dep th . This i s  r e f e r r e d  as a  ‘g e n e ra lis e d  su rfa c e
wave1. F in a l ly ,  any ro o ts  th a t  l i e  on th e  upper h a l f  o f th e  complex
plane a re  a sso c ia te d  w ith  the  d isp lacem ents th a t  do n o t decay w ith  th e
dep th , thus i t  can be igno red .
For any o f  the  va lues q . ,  the  r a t i o s  o f  the  co rrespond ingJ
wave am plitudes (U .,V .,W .) a re  g iven by;J J 3
- i  = = K , j  »  1 , 2 , 3 . . . . ( 2 . 6 )
Po %  Eo
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where P. - (Nl2+Ln2-pc2+Bq2)(ta2+Cn2-pc2+Lq2) - (F+L)2n2q2 
J J ' J j
Q. = (F4*L)(G+M)lnq2 -  (H+H)(m2+Ln2-p c 2-K?q2) l q . • • • • ( 2 .7 )J u J J
E. .  (H+H)(P+L)lnq^ -  (H l2+Ln2-p o2+Bq^)(G+H)ln
J •> J
Thus, under the  s ta te d  r e s t r i c t i o n  on q . ,  th e  g en era l v a lues
J
o f  d isp lacem ents which s a t i s f y  th e  equation  o f motion and in  a d d itio n  
tend  to  zero  as Y >00 a re  o f  th e  form;
(u ,v ,w ) * ^ ’(P. ,Q. ,R. )K .exp(ik(lx^nz+q .y -c t) )  ............ • • • •* (2 .8 )
j =l  J J J J J
The r a t io s  o f  the  K. a re  determ ined by use o f  the boundary co n d itio n sJ
which a re  th e  s t r e s s e s  a t  Y = 0 p lane  v an ish , i . e . ,
<W/6y + <5v/dz « 0 , 6u/6y + 6v /6x  = 0 and
H&u/dx + A6v/dy +• g6v/6z - 0   (2 .9 )
S u b s ti tu tio n  o f  equation  (2 .8 )  in to  equation  (2 .9 )  y ie ld s  a
s e t  o f  equations w ith  th re e  unknown v a r ia b le s  K . whose n o n tr iv ia l
J
s o lu tio n  re q u ire s ;
.  0 , i , j , =  1 , 2 , 3 " - ( 2 .1 0 )
3 3
J 3
0 J J  J
Equations ( 2 .5 ) ,  ( 2 .6 ) ,  (2 .7 )  and (2 .10 ) c o n s t i tu te  th e  form al
so lu tio n  o f  th e  whole problem . The equations (2*5) and. (2 .1 0 ) may be
2 2 \  regarded  as determ in ing  c and q and then  the  equations (2 .6 )  and (2 .7 )
g ive  the  r a t io s  o f p a r t i c l e  d isp lacem en ts. In  num erical problem s, th e
so lu tio n  fo r  c and q can be found by su ccessiv e  approxim ation and th i s
w il l  be desc rib ed  l a t e r .
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P. .
where •  1(*a
F2, j = nS
s  HIP
The above eq u a tio n s , a lthough  deriv ed  s p e c i f ic a l ly  fo r  a  
m a te r ia l w ith  o r th o tro p ic  symmetry, may be used to  c a lc u la te  the  su rfa ce  
wave v e lo c i ty  in . m a te r ia ls  w ith  s p e c ia l o r th o tro p ic  symmetry as w ell as 
cubic symmetry. The fo rm u la tion  o f  the  su rfa ce  wave v e lo c i ty  in  th ese  
m a te r ia ls  i s  e x ac tly  id e n t ic a l  to  th e  fo rm u la tio n  mentioned above. How­
ev er, i t  has to  be no ted  th a t  fo r  m a te r ia ls  w ith  sp e c ia l  o r th o tro p ic  
symmetry, the  independent e l a s t i c  co n stan ts  a re  reduced from n in e  to  
f iv e  whereas in  cubic m a te r ia ls , they  a re  reduced to  th re e . For i s o t r o ­
p ic  m a te r ia ls ,  the  v e lo c i ty  r e l a t io n  becomes very  sim ple because i t  i s  
independent o f the  d ire c t io n  o f p ro p ag a tio n . The s o lu tio n  o f  th e  wave
v e lo c i ty  equation  f o r  th i s  type o f m a te r ia l has been d eriv ed  and
29 30 32re p o rte d  in  th e  l i t e r a t u r e .  * *
2 .2 .3 .  Computational p rocedure.
The problem o f  de term in ing  th e  phase v e lo c i ty  o f  a  su rfa c e
wave p ropagating  in  the  high  symmetry d ire c t io n s  o f  a n iso tro p ic  m a te r ia ls
i s  r e l a t iv e ly  easy . The im p l ic i t  equations f o r  th e  p rop ag a tio n  i n  such
19
d ire c t io n s  has been g iven  by S to n e ley . However, in  th e  in te rm e d ia te  
d i r e c t io n s ,  th e  c a lc u la t io n  o f  th e  su rfa ce  wave v e lo c i ty  becomes extrem e­
ly  complex. In  g e n e ra l, f o r  a  g iven  s e t  o f  e l a s t i c  c o n sta n ts  and d i r e c ­
tio n s  o f  p ro p ag a tio n , th e  su rfa ce  wave v e lo c i ty  i s  c a lc u la te d  as  fo llo w s .
For an assumed va lue  o f  v e lo c i ty  c , th ree  va lues o f q . a re  computed from
J
equation  (2 .5 )  and th e  corresponding  v a lues o f P . ,  Q. and R. from equa­
te 1 J
t io n s  (2 .6 )  and (2 .7 )*  These v a lues a re  en te red  in  equation  (2 .1 0 ) . By
u sin g  a  s u i ta b le  com putational method, the  wave v e lo c ity  i s  th en  chosen
u n t i l  one value  i s  ob ta ined  th a t  corresponds to  zero  boundary c o n d itio n
determ inant o f equation  (2 .1 0 ) .
For a  s e le c te d  value  o f  su rface  wave v e lo c i ty , i t  i s  very
u n lik e ly  i t  w il l  g ive  the  values o f  q .  which make the  boundary c o n d itio nJ
equal to  ze ro . Except in  very  s p e c ia l  c a se s , the  a lg e b ra ic  com plexity
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makes i t  im p ra c tic a l to  a ttem p t a  com bination o f equations (2 .5 )  and 
(2 .10 ) in  o rd e r to  produce an e x p l i c i t  equation  fo r  the  phase v e lo c i ty . 
This problem i s  exaggerated  by the  f a c t  th a t  the boundary co n d itio n  
determ inan t may be a  complex number. For t h i s ,  the  e a r ly  th e o re tic ia n s  
have been try in g  to  look  f o r  s im ultaneously  zero  c ro ss in g s  o f  th e  r e a l  
and th e  im aginary p a r ts  o f  th e  d e term inan t. The f a i lu r e  to  o b ta in  th ese  
sim ultaneous zero  c ro ss in g s  lead s  to  the  conclusions th a t  th e  su rface
2 j 2C
waves do n o t e x is t  i n  g en era l a n iso tro p ic  s u rfa c e , and may n o t
37
even e x is t  fo r  ranges o f d ire c t io n s  on p lanes o f h igh  symmetry. More 
re c e n t ly ,  i t  i s  suggested  th a t  in s te a d  o f lo o k in g  fo r  sim ultaneous 
zero  c ro ss in g s  o f  th e  r e a l  and im aginary p a r ts  o f  th e  determ inan t which 
a re  fo r tu i to u s ,  i t  i s  more reaso n ab le  to  choose th e  v a lu e  o f  v e lo c i ty  
c which can fo rce  th e  magnitude o f  the  boundary co n d itio n  determ inan t 
to  z e ro . By adop ting  th i s  p r in c ip le ,  i t  i s  found th a t  th e  su rfa ce  wave 
could propagate  in  a l l  com binations o f  p la n e , d ir e c t io n  o f  p rop ag a tio n
and c r y s ta l  type which has been re p o rte d  as  fo rb idden  i n  p rev ious
 ^ 44s t u d i e s . ^
The need o f  a  h igh  speed computer to  c a lc u la te  th e  su rfa ce  
wave v e lo c i ty  in  any d i r e c t io n  i s  d ic ta te d  by th e  len g th y  a lg eb ra  
which i s  invo lved . A computer programme has been w r it te n  fo r  th i s  
purpose, which chooses su ccessiv e  va lues o f  phase v e lo c i ty  u n t i l  one i s  
found fo r  which the  magnitude o f  th e  boundary co n d itio n  determ inan t 
v an ish es . The programme i t s e l f  i s  shown i n  Appendix 2 (b ) . A s im ila r  
program may a lso  be used to  c a lc u la te  the  su rfa ce  wave v e lo c i ty  in  
s p e c ia l  o rth o  tro p ic  and cubic m a te r ia ls .  For m a te r ia ls  w ith  s p e c ia l  
o rtho  tro p ic  symmetry, the  fo llow ing  m o d ifica tio n  has to  be made;
° u  = C22> °X3 -  c 23> c44 = °55 311(1 c66 = ^ Cl l  "  cl 2 ) P e r e a s  f o r  
cubic m a te r ia ls , z  ^22 ** "^33* ^13 ”  ^23 * ^12 ^33 ** ^44 ^55*
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2 .3 . S o l id if ic a t io n  and c a s t in g .
2 .3 .1 .  In tro d u c tio n .
S o l id i f ic a t io n  may be de fin ed  as a  p rocess o f  tran sfo rm a tio n  
o f  m etals  o r  a l lo y s  from th e  l iq u id  to  the  s o l id  s t a t e .  Most m etal o r 
a l lo y  p a r ts  undergo s o l id i f i c a t io n  a t  some s tag e  o f t h e i r  m anufacture.
In  many c a se s , p e c u l i a r i t i e s  o f  g ra in  s t r u c tu r e ,  com position and phase 
d i s t r ib u t io n  have been observed as a  r e s u l t  o f  s o l id i f i c a t io n  which 
s e r io u s ly  in flu en c e  the  subsequent trea tm en t and p ro p e r tie s  o f  the  
m etal o r  a l lo y  concerned. I t  i s  thus e s s e n t ia l  fo r  m e ta l lu rg is ts  and 
eng ineers  to  understand  th e  u n d erly in g  mechanism invo lved  in  s o l i d i f i ­
c a tio n  i f  they  a re  to  be ab le  to  e x e rc ise  some c o n tro l over th e  s t r u c tu r e  
and com position o f  th e  s o l id i f ie d  m etal o r  a l lo y .
2*3.2 . S o l id i f ic a t io n  o f  pure m e ta ls .
The morphology o f  the  s o l id / l iq u id  in te r f a c e  i n  the  s o l i d i f i ­
c a tio n  o f  pure m etals in  a  reg io n  o f  p o s i t iv e  tem perature g ra d ie n t i s
c o n tro lle d  by the  flow  o f h e a t away from th e  in te r f a c e  through th e  .
51s o l id .  The in te r f a c e  i s  norm ally  iso th erm al being a t  a  tem perature  
j u s t  below th e  eq u ilib riu m  tem perature  j u s t  necessa ry  to  p rov ide  s u f f i ­
c ie n t  k in e t ic  d r iv in g  fo rc e . The growing in te r f a c e  u s u a lly  advances i n  
a  s ta b le  form. However, i f  a  s t a t e  o f  i n s t a b i l i t y  i s  c re a te d  n e a r  the
in te r f a c e  by th e  occurence o f  an in v e r te d  g ra d ie n t o f  f r e e  energy , th e
52growing in te r f a c e  w il l  b reak  down and grows d e n d r i t ic a l ly .  A com plete 
th e o re t ic a l  a n a ly s is  o f a  growing d e n d rite  has n o t y e t  been d e riv e d .
One o f  the  d i f f i c u l t i e s  i n  the  a n a ly s is  i s  th a t  assum ptions must be made 
concern ing  th e  shape o f the  d e n d rite  t i p .
2 .3 .5 .  S o l id if ic a t io n  o f  a l lo y s .
The s tudy  o f th e  s o l id i f i c a t io n  o f  a llo y s  i s  a  very  complex 
s u b je c t w ith  com position, co o lin g  r a t e  (r ) and tem perature g ra d ie n t (G)
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a f f e c t in g  the  p ro p e r tie s  and f in a l  s t ru c tu re s  o f the s o l id i f i e d  a l lo y .
In  a l lo y s ,  th e  l iq u id  a t  the  s o l id / l iq u id  in te r f a c e  has a  low er l i q u i -  
dus tem perature due to  i t s  com position which i s  d i f f e r e n t  from the  
bulk l iq u id ,  hence a  s t a t e  o f  su p erco o lin g  a r i s e s .  The com position 
o f  the  l iq u id  ahead o f  the  in te r f a c e  w il l  change slow ly and the  change 
in  G and R in  t h i s  reg io n  w il l  a f f e c t  the  f in a l  s t r u c tu r e .
A p lane  in te r f a c e  r e s u l t s  i f  G i s  so h igh  th a t  th e  tem perature  
a t  a l l  p o in ts  ahead o f  th e  s o l id / l iq u id  in te r f a c e  l i e s  above the  equ i­
lib riu m  liq u id u s  tem peratu re . T herefore to  m ain ta in  th e  p lane  in te r f a c e ,  
an in c re a se  in  R w il l  n e c e s s i ta te  an in c re a se  i n  G where th e  value  o f  
th e  param eter G/R determ ines th e  mode o f  grow th. I f  G has th e  value  
such th a t  f o r  a  s h o r t  d is ta n c e  ahead o f th e  in te r f a c e ,  the  tem peratu re  
i s  below the liq u id u s  tem peratu re , then  i n s t a b i l i t i e s  i n  th e  p lane  
in te r f a c e  form a  c e l l u l a r  s t ru c tu re  r e s u l t s .  I f  the  amount o f  su p er­
co o lin g  in c re a se s  due to  a  f u r th e r  re d u c tio n  in  G, then  th e  i n s t a b i l i t i e s  
which cause c e l l u l a r  growth a re  ab le  to  grow much more e a s i ly  a s  any 
pro tuberances ahead o f  the  in te r f a c e  would be in  a  re g io n  o f  g re a te r  
sup erco o lin g . I n s t a b i l i t i e s  can a lso  occur on th e  s id e s  o f  th e  p ro tu ­
berance r e s u l t in g  in  th e  growth o f  sm all s id e  arms r e s u l t in g  in  columnar 
53d e n d rite  growth.
2.3*4* The s t ru c tu re  o f  c a s t in g .
The s t ru c tu re  o f  a  c a s t in g  i s  o f  g re a t  im portance s in c e  many 
m a te r ia l p ro p e r tie s  e s p e c ia l ly  m echanical p ro p e r t ie s ,  depend on g ra in  
shape and g ra in  s iz e .  In  a d d itio n , seg reg a tio n  r e s u l t in g  from th e  v a rio u s  
modes o f  r e d is t r ib u t io n  o f s o lu te  can have marked e f f e c t s .  I t  has been 
an e s ta b lish e d  f a c t  th a t  th re e  main macros tru e  tu r a l  zones e x i s t  i n  one 
in g o t namely;
1 ) .  A p e rip h e ra l c h i l l  zone o f  f in e  g ra in s .
2 ) . A columnar zone o f g ra in s  e longated  in  the  d i r e c t io n  
o f  h ea t flow .
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3 ). A c e n tra l  zone o f  equiaxed g ra in s .
54Chalmer, p o s tu la te d  th a t  th ese  zones may occur in  d i f f e r e n t  p ro p o rtio n s  
depending m ainly upon the  r a t e  o f  h ea t e x tra c t io n , amount and com position 
o f  m eta ls  and the  e f f e c t  o f n u c lean ts  p re se n t.
2 .3 .4 .1 .  The c h i l l  zone.
The c h i l l  c ry s ta ls  n u c le a te  on o r  n ear the mould w a ll. T heir
form ation  was i n i t i a l l y  exp lained  in  terms o f  th e  copious n u c le a tio n
considered  to  occur in  th e  therm ally  undercoo ling  reg io n  a d jac e n t to  
55-57th e  mould w a ll. Consequently, th e  number o f  c r y s ta ls  in  th i s  zone
depends on the  r a t e  o f  h e a t e x tra c t io n  from th e  m olten m etal and th e  
su p ercoo ling  re q u ire d  by the  n u c le a tio n  s i t e s  p re sen t i n  the  l iq u id  o r  
in  the  mould. However, i t  i s  argued th a t  i f  the  mould has a  low er n uc lea­
tio n  e f f e c t s  than  s i t e s  w ith in  the  l iq u id ,  th e  n u c le a tio n  w il l  occur 
predom inantly  away from the  m ould-metal in te r f a c e  and f in e  equiaxed 
c r y s ta ls  may form . The n u c le a tio n  theo ry  was l a t e r  m odified  to  a llow
CQ
c r y s ta l  m u lt ip l ic a t io n  by th e  fragm en ta tion  o f  the  i n i t i a l  n u c le i .
I t  was shown th a t  th e  presence  o f  convection  was e s s e n t ia l  f o r  th e  p ro ­
duc tio n  o f a  f in e  g ra in ed  c h i l l  zone and some form o f c r y s ta l  m u l t ip l i ­
c a tio n  mechanism was o p e ra tiv e . G enera lly , c r y s ta ls  in  th e  c h i l l  zone 
a re  equiaxed and o f  random o r ie n ta t io n .
2.3«4*2. The columnar zone.
The columnar c ry s ta ls  develops predom inantly  from the  c h i l l  
zone and show a  s tro n g  p re fe rre d  o r ie n ta t io n  which corresponds w ith  the  
p re fe r re d  o r ie n ta t io n  o f  d e n d rite  g row th .59*60 rjt^ e 0f  th e  columnar
c r y s ta ls  a re  norm ally  p a r a l le l  to  th e  h e a t flow  d ir e c t io n .  I t  has been 
suggested  th a t  th e re  i s  com petitive  growth between th e  c r y s ta l  growing 
from th e  c h i l l  zone such th a t  those  w ith  th e  s te e p e s t  therm al g ra d ie n t 
p a r a l le l  to  th e  p re fe rre d  growth d ir e c t io n  grow more ra p id ly  th an  th e i r  
le s s  favourab ly  o r ie n te d  neighbours. They expand and overwhelm t h e i r
-3 8 -
neighbours to  dominate the  growth p ro cess . The p re fe r re d  growth d ire c t io n
54observed in  most o f  the  cubic m etals i s  in  the<-100> d ir e c t io n .
2 .3 .4 * 3 . The equiaxed zone.
The q u a n ti ta t iv e  a sp e c t o f s o l id i f i c a t io n  o f  tne  c e n tr a l  
p o r tio n  o f a  norm ally c a s t  in g o t has n o t been worked o u t .  However, 
s tu d ie s  o f  m etal analogue system s in d ic a te  th a t  the  n u c le i  o f  the  
equiaxed c r y s ta ls  a r i s e  from a  number o f so u rces;
a ) by ap p aren tly  i s o la te d  n u c le a tio n  ev en ts ,
b) from th e  growing columnar zone and
c) from events occuring  a t  th e  f r e e  s u rfa c e .
The c r y s ta ls  i n  th is  zone u s u a lly  have a . g ra in  s iz e  co n sid e rab ly  
la rg e r  than  th a t  o f  the  c h i l l  zone and t h e i r  o r ie n ta t io n  i s  e f f e c t iv e ­
ly  random.
2.4* Composition and s t ru c tu re  o f  a u s te n i t ic  s t e e l  w elds.
2.4*1* In tro d u c tio n .
G enera lly , a u s te n i t ic  s ta in le s s  s te e ls  a re  de fin ed  as i r o n -  
chromium a llo y s  which have been s u f f ic ie n t ly  a llo y ed  w ith  n ic k e l o r  
o th e r  a u s te n ite  s t a b i l i s e r s  to  have a  s ta b le  a u s te n ite  s t r u c tu r e  a t  
room tem peratu re .*  The main c h a r a c te r i s t ic  o f  th e se  s t e e l s  i s  t h e i r  
e x c e lle n t r e s is ta n c e  to  co rro s io n  a t ta c k  i n  v a rio u s  environm ents. 
A u s te n it ic  s ta in le s s  s te e l s  o b ta in  t h e i r  r e s is ta n c e  to  co rro s io n  
because o f  th e  p ro p e rty  o f  p a s s iv i ty .  When a u s te n i t ic  s t e e l s  a re  
exposed to  even only  weakly o x id is in g  c o n d itio n , a  th in  p ro te c t iv e  
f ilm  o f chromium oxide i s  formed on th e  su rfa ce  which a c ts  as a  b a r r i e r  
between the  m etal and th e  c o rro s iv e  medium. In  a d d itio n  to  t h e i r  r e s i s ­
tance  a g a in s t co rro s io n , th e i r  com position and s t ru c tu re  g iv es  a u s te n i­
t i c  s te e l s  good h o t s tre n g th  wnich p erm it t h e i r  a p p lic a tio n  a t  tempe­
ra tu re s  which a re  co n sid erab ly  above th e  maximum se rv ic e  tem peratu re
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68o f o th e r  s t e e l s .
In  o rd e r to  f a c i l i t a t e  th e i r  f a b r ic a t io n  as w ell as to  modify 
t h e i r  p ro p e r t ie s ,  sm all p ro p o rtio n s  o f minor elem ents a re  d e l ib r a te ly  
added during- the  p roduction  o f  a u s te n i t ic  s t e e l s .  These minor elem ents 
in c lu d e  manganese, tu n g s ten , s i l i c o n ,  su lp h u r, phosporus, molybdenum 
e tc .  Normally, in  a  tem perature range o f  500°C-900°C, a u s te n i t ic  s t e e l s  
undergo ’s e n s it is a t io n *  in  which they  become l i a b l e  to  in te rg ra n u la r  
c o rro s io n . In  th is  tem perature  ran g e , carbon atoms m igrate  to  th e  g ra in  
boundary from a l l  p a r ts  o f  the  g ra in  to  combine w ith  chromium in  th e  
form o f  Crg^C^. Because o f  the  r e l a t i v e ly  b ig g e r s iz e  o f  Cr atom s, th ey  
d if fu s e  very  slow ly  from a  more lo c a l is e d  reg io n  a d jac e n t to  th e  g ra in  
boundary to  combine w ith  carbon. C onsequently, an envelope o f  chromium 
d ep le ted  re g io n  i s  formed. I t  i s  th is  reg io n  which i s  very  s u sc e p tib le  
to  c o rro s io n . Such a  problem was avoided by th e  a d d itio n  in to  a u s te n i t ic  
s t e e l s  o f  elem ents which may form s ta b le  c a rb id es  such as  tita n iu m  o r  
niobium . Thus,iristeadL o f  combining w ith  Cr a t  s e n s i t i s in g  tem peratu res, 
th e  carbon combines w ith  titan iu m  o r  niobium as  titan iu m  o r  niobium 
c a rb id e s . Under th i s  c o n d itio n , a u s te n i t ic  s ta in le s s  s t e e l s  a re  s a id  to
64be s ta b i l i s e d .
Because o f t h e i r  good co rro s io n  re s is ta n c e  and h igh  tempera­
tu re  s tre n g th , a u s te n i t ic  s ta in le s s  s te e l s  a re  w idely used in  n u c le a r  
a^d petro -chem ica l p la n ts  where th ese  p ro p e r tie s  a re  very  much needed. 
They a re  used to  m anufacture a  la rg e  v a r ie ty  o f  p la n t components 
such as  p ip e s , v a lv e s , pumps e tc .
Weldments a re  a lso  made to  jo in  th e  a u s te n i t ic  s t e e l  s t r u c ­
tu re s  o r . a t ta c h  them to  ano ther carbon s t e e l  item . These welds a re  
u su a lly  made o f  a u s te n i t ic  s ta in le s s  s t e e l  o r  in c o n e l. G en era lly , th e  
techniques used fo r  producing welds i n  a u s te n i t ic  s ta in le s s  s t e e l s  a re  
id e n t ic a l  to  those  o f o th e r s t e e l s .  The weld i s  l a id  down as a  s e r ie s  
o f  runs g ra d u a lly  f i l l i n g  th e  a v a ila b le  space and fu s in g  the  p repared
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edges o f the specimen. During the  welding o p e ra tio n  the  base m etal 
forms an e f fe c t iv e  mould surrounding' the m olten m etal and serves 
as a  h ea t s in k  to  d is s ip a te  h e a t o f  s o l id i f i c a t io n .
2 .4 .2 . M acrostructure  o f a u s te n i t ic  s t e e l  w elds.
During the  u su a l s o l id i f i c a t io n  in  c a s tin g , the  tran sfo rm a tio n
o f  a  l iq u id  phase to  a  s o l id  norm ally occurs by a  p rocess o f  n u c le a tio n  
51 54 57and growth. * * The c re a tio n  o f  s o l id  n u c le i  and the  growth o f the
s o l id  from th ese  n u c le i can proceed a t  a  f i n i t e  r a t e  only  i f  the  system
i s  undercooled below th e  eq u ilib riu m  re a c tio n  tem peratu re . In  the
w elding p rocess however, the  n u c le a tio n  even t i s  n o t s ig n i f ic a n t  s in ce
a  s o l id / l iq u id  in te r f a c e  i s  always p re se n t and e p i ta x ia l  growth may
occur from the incom plete ly  m elted base m e t a l . r ^ g  g r o ^ h  ±3
s a id  to  be e p i ta x ia l  i f  th e  s o l id ify in g  weld assumes a  c ry s ta llo g ra p h ic
o r ie n ta t io n  id e n t ic a l  to  th a t  o f  th e  a d jo in in g  s o l id  g ra in  a t  th e
fu s io n  boundary. Once i n i t i a t e d ,  th e  growth o f a  s o l id / l iq u id  in te r f a c e
tends to  occur p a r a l l e l  to  th e  maximum tem perature  g ra d ie n t i n  th e  weld
in  o rd e r b e s t  to  d is s ip a te  the  l a t e n t  h ea t o f  s o l id i f i c a t io n  to  the
54surrounding  base m eta l. Chalmers, in d ic a te d  th a t  th e  p re fe r re d
growth d ir e c t io n  in  most cubic m a te r ia ls  i s  in  th e <  100> d ir e c t io n .
Thus, d u ring  th e  s o l id i f i c a t io n  o f  cubic m a te r ia ls ,  the  g ra in  th a t
o r ie n te d  such th a t  i t s  <  100> d ire c tio n  i s  p a r a l le l  o r alm ost p a r a l l e l  to
the  tem perature g ra d ie n t tends to  grow in to  the  l iq u id  more ra p id ly
expanding in  c ro ss  s e c tio n  a t  th e  expense o f .th e ir  le s s  favou rab ly
o rie n te d  neighbours. This p rocess i s  known as com petitive  grow th. The
com bination o f e p i ta x ia l  and com petitive  growth p ro cesses  r e s u l t  in  a
weld fu s io n  zone w ith  a  s tro n g  p re fe r re d  c ry s ta llo g ra p h ic  o r ie n ta t io n .
As in  o th e r  cubic m a te r ia ls , th e  g ra in  growth o f a u s te n i t ic
12 65s te e l  welds i s  ra p id  in  the < 100> d ir e c t io n .  * Hence, the  g ra in s  
which a re  o r ie n te d  w ith  th e i r <  100>  d ire c t io n  p a r a l l e l  to  the  h e a t flow
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d ir e c t io n  predom inate in  the  form ation  o f  columnar g ra in s  which in  the  
s o l id i f i e d  weld bead e x h ib it  a  very  marked te x tu re  with<*10Cf> c r y s ta l lo ­
g raph ic  d ire c t io n  alm ost ex c lu s iv e ly  p a r a l l e l  to  the  s o l id i f i c a t io n  
d i r e c t i o n jn  o th e r  types ,o f s t e e l  such as th a t  o f  f e r r i t i c  s ta in le s s  
s te e l  w elds, i f  m u lti- ru n  w elding process i s  invo lved , th e  d e p o s itio n  
o f subsequent weld m etal re h e a ts  the  p receed ing  weld bead and the  
columnar g ra in  s t ru c tu re  i s  destroyed  by th e  a u s t e n i t i c - f e r r i t i c  phase 
tran sfo rm a tio n  th a t  occurs as the  weld c o o ls . A u s te n it ic  s ta in le s s  
s t e e l  welds however, do n o t undergo a  phase tran sfo rm atio n  d u rin g  
therm al c y c lin g . Consequently, th e  columnar g ra in  s t ru c tu re  su rv iv e s .
In  th i s  c a se , each new weld bead p a r t i a l l y  rem e lts  th e  su rfa ce  o f  th e  
p receed ing  bead and new g ra in s  grow e p i ta x ia l ly  on the  e x is t in g  ones. 
Consequently, the  m acro stru c tu re  o f  th e  weld i s  dominated by lo n g itu ­
d in a l ,  h ig h ly  a lig n ed  columnar g ra in s  w ith  d e v ia tio n  o f only  a  few
9,66 .67degrees from th e  o v e ra l l  g ra in  o r ie n ta t io n .  I t  has been quoted
th a t  th e  weld having such a  s t ru c tu re  i s  h ig h ly  a n i s o t r o p i c . ^ * ^  I t  i s  
in  f a c t  th i s  columnar g ra in  s t ru c tu re  which i s  b e liev ed  to  be th e  source 
o f  most o f  th e  problems encountered in  u l t r a s o n ic  in sp e c tio n  o f  a u s te ­
n i t i c  s t e e l  welds and c lad d in g  which a re  based on echo-am plitude, and 
th i s  w i l l  be d iscu ssed  l a t e r .
2.4«3* S o l id if ic a t io n  and £ - tran sfo rm a tio n  o f a u s te n i t ic  
s te e l  w elds.
A u s te n it ic  s ta in le s s  s te e l s  form an im portan t c la s s  o f  m ater­
i a l s  in  se v e ra l energy system s. A u s te n it ic  s t e e l  welds norm ally  have 
a  duplex s t ru c tu re  th a t  co n ta in s  v a ry in g  amounts o f f e r r i t e  in  a  form 
o f  d iscon tinuous network in  a  m a trix  o f a u s te n i te .  E arly  o b serv a tio n s  
in  1940,^® showed th a t  r e te n t io n  o f 5-10^ d e l ta  (6) f e r r i t e  in  th e  weld 
bead could be used to  c o n tro l h o t c rack ing  o f welded a u s te n i t ic  s t e e l s .  
S ince th en , s ev e ra l r e s u l t s  wnich agree w ith  th ese  i n i t i a l  o b se rv a tio n s
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69-72have been generated  and re p o rte d  by o th e r  in v e s t ig a to r s .  Several
th e o r ie s  have been advanced to  ex p la in  the r o le  o f 6 - f e r r i t e  in
p rev en tin g  weld m etal h o t c rack in g . These in c lu d e  shrinkage b r i t t l e -
73 74ness th eo ry , s t r a i n  th e o ry  o f h o t c rack in g , the  g e n e ra lis e d  theory
75 75o f  su p e r-so lid u s  c rack in g , and s o l id  s t a t e  theo ry  o f h o t c rack in g .
While the  re ta in e d  6 - f e r r i t e  i s  a s so c ia te d  w ith  reduced h o t
c rack in g , th i s  phase can a lso  be d e tr im e n ta l to  th e  aqueous c o rro s io n ,
s t r e s s  co rro s io n  c rack in g , and p i t t i n g  s u s c e p t ib i l i ty  o f a u s te n i t ic
72 77s te e l s  e sp e c ia l ly  a t  e lev a te d  tem pera tu res. 9
The in te r p r e ta t io n  o f s o l id i f i c a t io n  s t ru c tu re s  i n  a u s te n i t ic  
s t e e l  welds i s  com plicated  by th e  p resence o f  the s o l id  s t a t e  t ra n s ­
fo rm ation  from 6 - f e r r i t e  to  a u s te n i te  on co o lin g . The course  o f 
s o l id i f i c a t io n  and tran sfo rm a tio n  can be b e s t  understood w ith  th e  a id  
o f  pseudo-binary  diagram o f  th e  Fe-Cr-Ni system w ith  f ix e d  amount o f  
carbon as shown in  f i g .  3;
308 *
(approx)
1600
1200
g 1000
800
600
400 L  
NiX 30 20 10 0
Crl 0 10 2 0  30
F ig . 3* V e rtic a l s e c tio n  ( a t  70wt.% Fe)
78o f te rn a ry  eq u ilib riu m  system Fe-C r-N i.
By r e fe r in g  to  th is  diagram , i t  i s  p o ss ib le  to  p re d ic t  how 
eq u ilib riu m  s o l id i f i c a t io n  would occur in  a u s te n i t ic  s t e e l s  re p re se n te d
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on th i s  diagram . In  th is  c ase , the  i n i t i a l  s o l id i f i c a t io n  p roduct i s
e n t i r e ly  dependent on th e  nominal com position o f  the m elt a t  the
liq u id u s  tem peratu re . For example, co n sid e r the  s o l id i f i c a t io n  o f
78BS 308 s ta in le s s  s t e e l s .  These s te e l s  would begin  to  s o l id i f y  prim ary 
6 - f e r r i t e  a t  th e  liq u id u s  tem peratu re . The i n i t i a l  s o l id  which i s  
en riched  in  chromium and d ep le ted  in  n ic k e l would form from th e  l iq u id .  
The complete sequence o f s o l id i f i c a t io n  o f th ese  s t e e l s  in  eq u ilib riu m  
w il l  be;
L  *- L + 6 ------- 6 V  >• &
Fusion w elding o f  a u s te n i t ic  s t e e l s  however, i s  a  case  o f  
no n -equ ilib rium  s o l id i f i c a t io n  due to  the  presence o f  o th e r  a llo y in g  
elem ents and th e  ra p id  co o lin g  o f  th e  weld. In  th i s  c a se , th e  seg rega­
t io n  o f a llo y in g  elem ents s h i f t s  th e  o v e ra l l  com position o f  th e  
rem aining l iq u id  and a l t e r s  the  f in a l  s o l id i f i c a t io n  p ro d u c t. An 
in c re a se  in  th e  co n ce n tra tio n  o f  a u s te n is e r s  in  the rem ain ing  l iq u id  
favours s o l id i f i c a t io n  as a u s te n i te .  On the  o th e r  hand, lo c a l  e n ric h ­
ment in  f e r r i te - fo rm in g  elem ents ahead o f th e  s o l id / l iq u id  in te r f a c e  
promotes s o l id i f i c a t io n  as 6 - f e r r i t e .  S ince chromium and n ic k e l a re  
the  p r in c ip a l  a llo y in g  elem ents in  a u s te n i t ic  s ta in le s s  s t e e l s ,  th e  
Cr/Ni r a t i o  i s  the  dominant f a c to r  i n  c o n tro l l in g  whether s o l id i f i c a t i o n  
occurs as 6 - f e r r i t e  o r  a u s te n i te .^
S o l id i f ic a t io n  sequences and 6 -tran sfo rraa tio n s  th a t  occur 
during  co o lin g  o f the  a u s te n i t ic  s t e e l  weld have been in v e s t ig a te d
7Q 02
by v a rio u s  w orkers. G enera lly , an a u s te n i t ic  s ta in le s s  s t e e l  weld
s o l id i f i e s  by prim ary s e p a ra tio n  o f  a u s te n ite  o r  f e r r i t e  from th e  m e lt.
The s o l id i f i c a t io n  behaviour o f  BS 316 s ta in le s s  s t e e l  welds has been
79s tu d ie d  by Blanc and T r ic o t t .  Based on the  c a lc u la t io n  o f  th e  Hi and 
Cr e q u iv a le n t, th e  fo llow ing  s o l id i f i c a t io n  and tran sfo rm a tio n  sequence 
has been proposed;
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L  **■ L + 6  >L + 6 ^ -------->■ 6 + 6 >.6 + M
More r e c e n tly , th e  s im ila r  in v e s t ig a t io n  has been conducted 
80by Davies e t  a l ,  on JOS and 310 a u s te n i t ic  s t e e l  w elds. R esu lts  o f  
th e i r  therm al a n a ly s is  and in te r ru p te d  s o l id i f i c a t io n  experim ents 
suggest th a t :
a ) ,  f o r  type J08 s t e e l s  th e  s o l id i f i c a t io n  sequence i s ;
L   > L + S  J* L + 6 * ^ ------- 9- & + and
b ) .  f o r  type J10 s t e e l  the  s o l id i f i c a t io n  sequence i s ;
L"1-1 > L + 6 — > &
81 82Lippold and Savage, * have re c e n tly  proposed a  model which 
ex p la in s  th e  d i s t r ib u t io n  and morphology o f  6 - f e r r i t e  i n  duplex  a u s ten ite - 
f e r r i t e  m ic ro s tru c tu re . They proposed th a t  i f  i n i t i a l  s o l i d i f i c a t i o n  
occurs as prim ary 6 - f e r r i t e ,  th e  f i r s t  s o l id  to  form i s  h ig h ly  en rich ed  
in  chromium and d ep le ted  in  n ic k e l .  The rem ainder o f th e  su b g ra in , 
except f o r  a  sm all volume a t  th e  d e n d rite  in te r s t ic e s , ,  s o l i d i f i e s  as 
6 - f e r r i t e  o f  n ea r nominal com position and upon coo lin g  to  room tem pera­
tu re  experiences a  m assive tran sfo rm a tio n  to  a u s te n i te .  The d e n d r ite  
in te r s t i c e s  c o n s is t  o f  a  d ivorced  e u te c t ic  m ixture o f  a u s te n i te  and 6 -  
f e r r i t e .  Thus, th e  m ic ro s tru c tu re  o f the  weld c o n s is ts  o f  v e rm icu la r 
6 - f e r r i t e  along the  co res o f  the  o r ig in a l  subgra in s w ith  a  b a lance  o f 
the  subgra ins f u l ly  a u s te n i t ic .  On th e  o th e r  hand, during- s o l id i f i c a t i o n  
as prim ary a u s te n i te ,  Cr seg reg a te s  to  th e  l iq u id  ahead o f  the  s o l i d /  
l iq u id  in te r f a c e .  This con tinues u n t i l  du rin g  th e  te rm in a l t r a n s ie n t  
pe rio d  f e r r i t e  i s  formed as a  d ivorced  e u te c t ic  f e r r i t e  a long  su b g ra in  
boundaries. Upon co o lin g  from the  s o l id i f i c a t io n  ran g e , most o f th i s  
f e r r i t e  rem ains s ta b le  and appears as a  sem i-continuous c o n s t i tu e n t  
along  g ra in  and subgra in  boundaries in  the  as welded m ic ro s tru c tu re .
The a llo y in g  elem ents such as S i, Mo, S and P a re  more so lu b le
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in  6 - f e r r i t e  so th a t  du ring  th e  prim ary a u s te n ite  s o l id i f i c a t io n ,  they 
a re  r e je c te d  to  the  l iq u id  to g e th e r w ith  Cr. On the o th e r  hand, C and 
Mn axe more so lu b le  in  a u s te n ite  and a re  thus r e je c te d  to  th e  l iq u id  
to g e th e r w ith  n ic k e l d u ring  prim ary 6 - f e r r i t e  s o l id i f i c a t io n .  In  the 
form er c ase , i t  has been observed th a t  S, P, and S i form low m e ltin g  
c o n s ti tu e n ts  in  th e  in te r d e n d r i t ic  reg io n  during  the  therm al t r a n s ie n t  
p e rio d  and thus cause ho t c rack in g . In  a  l a t t e r  c a se , only  very  few o f 
th ese  elem ents a re  r e je c te d  to  the  l iq u id  d u ring  s o l id i f ic a t io n  so th a t  
the  a llo y s  th a t  s o l id ify , . in  th i s  way a re  more r e s i s t a n t  to  h o t c rack in g . ^
2 .5 . Problems o f  the  u l t r a s o n ic  in sp e c tio n  ap p lied  to  
a u s te n i t ic  s ta in le s s  s t e e l  weld m e ta ls .
2 .5 .1 . In tro d u c tio n .
The occasio n al occurence o f  in te rg ra n u la r  s t r e s s  co rro s io n
cracks (IGSCC) in  th e  bypass and th e  co re  sp ray  l in e s  o f  th e  b o i l in g  w ater
re a c to r  (BWR) and low p re ssu re  s a f e ty  l in e s  o f  the  p re ssu re  w ater r e a c to r
(PWR) has caused some concern in  th e  s a fe ty  and a v a i l a b i l i t y  o f  n u c le a r  
85«*88power system s. Out o f  an approxim ate t o t a l  o f  1300 a u s te n i t i c  s t e e l
w elds, th e re  a re  approxim ately 80 welds in  th e  BWR and 50 in  th e  PWR,
89th a t  re q u ire  s p e c ia l  in sp e c tio n  c o n s id e ra tio n s . The p ipe  dim ensions 
vary  from 48 in .  d iam eter and 5 in . th ic k  to  4 in . d iam eter and 0 .3 5 in . 
th ic k  a re  made o f  a u s te n i t ic  s t e e l  ty p ic a l ly  type BS 304 and BS 316.
For a  long  tim e i t  has been recogn ised  th a t  th e  u l t r a s o n ic  
in sp e c tio n  o f th ese  components i s  extrem ely d i f f i c u l t .  This d i f f i c u l t y  
has been re p o rte d  in  the  e a r ly  l i t e r a t u r e  as th e  r e s u l t  o f  th e  co arse  
g ra in  s t ru c tu re  ty p ic a l ly  found in  such m a te r ia ls .  Recent work however, 
has shown th a t  the  macroscopic an iso tro p y  a sso c ia te d  w ith  th e  columnar 
g ra in  s t ru c tu re  o f  the  m a te r ia l i s  m ainly re sp o n s ib le . The u l t r a s o n ic  
a tte n u a tio n  in  a u s te n i t ic  s te e l  welds i s  much g re a te r  than  th a t  
experienced in  the  base m eta l, consequently  the  o b se rv a tio n  o f  d e fe c ts
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90during  the  in sp e c tio n  i s  o f te n  preven ted . Furtherm ore, spurious 
echoes, beam s p l i t t i n g ,  beam skewing and beam s te e r in g  le ad  to  d i f f i ­
c u l t i e s  in  d a ta  in te r p r e ta t io n .
2 .5*2 . U ltra so n ic  a t te n u a tio n  in  a u s te n i t ic  s t e e l  w elds.
G enera lly , the  a u s te n i t ic  s t e e l  g ra in  s iz e  i s  recogn ised  as
the  most im portan t f a c to r  reg a rd in g  th e  u l t r a s o n ic  a t te n u a tio n  i n  such
m a te r ia ls .  E arly  in  1963* Holmes,** p o in ted  ou t th a t  th e  a t te n u a tio n
f a c to r  in c re a se s  w ith  the  average g ra in  s iz e .  F u rth e r  s tu d ie s  showed
th a t  s c a t te r in g  r a th e r  than  ab so rp tio n  p layed  th e  most im portan t r o le
in  th e  u l t r a s o n ic  a tte n u a tio n  and was a  fu n c tio n  o f  the  g ra in  s iz e  to
91-93th e  wavelength r a t i o .  The e f f e c t  o f o th e r  micro s t r u c tu r a l  p a ra ­
m eters on th e  a tte n u a tio n  has a lso  been d iscu ssed  by v a rio u s  w orkers.
The most f re q u e n tly  c i te d  param eters a re  carb id e  p r e c ip i ta te s  as w e ll 
a s  the  amount o f 6- f e r r i t e  rem aining w ith in  the  s t r u c tu r e .  In  g e n e ra l,
th e  carb id e  p r e c ip i ta te  co n ten t has no m ajor in flu en c e  on the  a t te n u a -  
6 6 10t io n .  * ’ However, a  re c e n t worker found th a t  the  e f f e c t  o f  ca rb id e  
p r e c ip i ta t io n s  could  be more im portan t when the a u s te n i t ic  s t e e l  was h e a t 
t r e a te d  a t  1 1 0 0 °C .^  In  th i s  c a se , the  p r e c ip i ta te  leav es  th e  g ra in  
boundaries, e n te rs  in to  th e  s o l id  s o lu tio n  and d estro y s  th e  p re fe r re d  
o r ie n ta t io n  o f g ra in s . I f  th i s  o ccu rs , the  s t ru c tu re  would be h ig h ly  
a t te n u a tiv e  in  a l l  d ir e c t io n s .  There i s  a  b ig  con troversy  about th e
e f f e c t  o f  f e r r i t e  co n ten t on the  u l tr a s o n ic  a tte n u a tio n  in  a u s te n i t i c
91 95s te e l  welds and c a s ts .  Kuhlov e t  a l ,  and Holmes e t  a l ,  do n o t
reco rd  any e f f e c t  o f  the  f e r r i t e  co n ten t upon the  a t te n u a tio n  in  18/11
94type s ta in le s s  s t e e l s .  On the  o th e r  hand, C aussin , re p o r te d  an expo­
n e n t ia l ly  d ecreasin g  e f f e c t  o f f e r r i t e  co n ten t in  the  range o f  O)6 to
820%. Juva and H aarv is to , recorded  a  c o n tra d ic to ry  e f f e c t  o f  th e  
f e r r i t e  c o n ten t. They suggested th a t  the  f e r r i t e  d is t r ib u t io n  could  
be more im portan t than i t s  co n ten t in  determ ining  the  u l t r a s o n ic  a t t e ­
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n u a tio n  in  a u s te n i t ic  s te e l  welds.
I t  was shown by X-ray d iff ra c to m e try  th a t  in  a u s te n i t ic  s t e e l  
w elds, the g ra in s  p r e f e r e n t ia l ly  grow p a r a l le l  to  th e < 1 0 0 >  c r y s ta l lo ­
g raph ic  ax is  and form columnar zones. 10* 66,67
accepted  th a t  in  such a  s t r u c tu r e ,  th e  u l tr a s o n ic  waves undergo le s s
a tte n u a tio n  when d ire c te d  along the  main a x is  then  when p ro p ag a tin g  
6 95tra n s v e rse ly . This p o in t was re c e n tly  v e r i f ie d  by Kupperman e t
a i.1 0 ,1 1  dependence o f  the  lo n g itu d in a l wave a tte n u a tio n  w ith  the
d ire c t io n  o f th e  beam p ropagation  in  a u s te n i t ic  s te e l  welds has been
measured by B aik ie  e t  a l . ^ , ^ , 7^- I t  was shown th a t  th e  a t te n u a tio n  i s
l e a s t  when th e  r e l a t iv e  o r ie n ta t io n  o f th e  beam and th e  g ra in  a x is  i s
about 45° and i s  a t  i t s  h ig h e s t w ith  th e  beam d ire c te d  e i th e r  p a r a l l e l
o r  normal to  the  g ra in  a x is .  These o b serv a tio n s  were r e c e n t ly  confirm ed
by C a n s s in ,^  and Juva e t  a l.®  These o b serv a tio n s  were l a t e r  ex p la in ed
9 6 -9 9
i n  terms o f  beam d e v ia t io n s . In  a n iso tro p ic  m a te r ia ls ,  th e
d ire c t io n  in  which th e  u l t r a s o n ic  energy t r a v e ls  no lo n g e r co in c id e
w ith  th e  normal to  the  w avefront, i . e .  the  beam d e v ia te s  from th e
19 21 28d ire c t io n  i t  would have follow ed in  an is o tro p ic  m a te r ia l .  * *
I t  i s  shown th a t  in  th e  type 316 s ta in le s s  s t e e l  w elds, the  th e o r e t ic a l  
p re d ic tio n  o f the  beam d e v ia tio n  ag rees s u b s ta n t ia l ly  w ith  th e  e x p e ri­
m ental r e s u l t s  and no d e v ia tio n  was observed when the  beam was a t  about 
45° to  the  g ra in  a x is .  C onversely, a t  0° and 90° the  beam i s  expanded, 
w hile a t  in te rm ed ia te  ang les the  beam as a  whole i s  skewed and no 
lo n g er t r a v e ls  in  the  a n tic ip a te d  d ir e c t io n .
The above c o n sid e ra tio n s  m ainly concern lo n g itu d in a l waves.
As a  g en era l r u le ,  a l l  experim enters agree  th a t  the  a tte n u a tio n  o f 
tra n sv e rse  waves i s  much s tro n g e r  than  lo n g itu d in a l waves in  a u s te n i t i c  
s te e l  weld m e t a l s . S e r a b i a n , ^ " ^  po in ted  ou t th a t  the  p o la r i ­
s a tio n  o f  tra n sv e rse  waves p ropagating  through the  weld m etal p a r a l l e l  
to  the  weld pass d ire c t io n  g re a t ly  in flu en ced  -theL .attenuation. Below
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JMHfc*, w ith  p o la r is a t io n  p a ra l le l ,  to  the  columnar g ra in  a x is ,  the  
a tte n u a tio n  i s  lo w est. Above 3KHz., the  a tte n u a tio n  appeared to  be 
independent o f p o la r is a t io n .  For tra n sv e rse  waves p ropaga ting  acro ss  
the  weld pass d ire c t io n  (b u t s t i l l  p e rp en d icu la r to  th e  columnar g ra in  
a x is ) ,  no v a r ia t io n  in  a tte n u a tio n  w ith  p o la r is a t io n  i s  re p o r te d .
Thorough in v e s t ig a t io n  o f  th e  tra n sv e rse  wave a tte n u a tio n  conducted 
by Kupperman e t  comes to  th e  g en era l conclusion  th a t
the  tra n sv e rse  waves a re  le s s  a tte n u a te d  than  lo n g itu d in a l  waves o f 
equal wavelength when the  p o la r is a t io n  v e c to r  i s  p a r a l le l  to  major 
in te r fa c e s  encountered o r to  the  g ra in  a x is .
2 .5 .3* U ltra so n ic  v e lo c i ty  in  a u s te n i t ic  s t e e l  w elds.
In  p r a c t ic a l  t e s t s ,  th e  experim enters have very  o f te n
experienced s tro n g  v a r ia t io n  in  u l t r a s o n ic  v e lo c i t ie s  measured in
9 66d i f f e r e n t  d ir e c t io n s .  B aik ie e t  a l ,  9 a sso c ia te d  th i s  v a r ia t io n  w ith  
the  presence o f  th e  c ry s ta l lo g ra p h ic a l ly  o r ie n te d  s t r u c tu r e .  Indeed , 
in  th i s  c a se , u l t r a s o n ic  v e lo c i t ie s  depend upon th e  e l a s t i c  co n sta n ts  
r e la te d  to  c ry s ta llo g ra p h ic  ax es . They found th a t  the  d i r e c t io n  fo r  
f a s t e s t  p ropagation  i s  a t  50° o f  in c id en ce  in  reg a rd  to  th e  g ra in  a x is .
The v e lo c ity  o f  lo n g itu d in a l waves in  a u s te n i t ic  s te e l  welds i s  observed 
to  vary  over a  range o f magnitudes from about 5350m/s to  6050m/s. This 
degree o f v a r ia t io n  i s  f a r  too g re a t  to  be a t t r ib u ta b le  to  minor changes 
in  m a te r ia l com position. Kupperman and Reimann, made th e  same
k ind  o f a n a ly s is  fo r  lo n g itu d in a l waves as w ell as two tra n sv e rse  waves 
p o la r is e d  in  orthogonal d ir e c t io n s .  They observed th a t  th e  lo n g itu d in a l  
wave v e lo c i ty  i s  a  ma-gi tnnm in  th e < 111> d ir e c t io n  and a  minimum in  th e  
<100> d ire c t io n .  On the  o th e r  hand, the  tra n sv e rse  wave v e lo c i ty ,  because 
two o rth o g o n a lly  p o la r is e d  tra n sv e rse  waves a re  p o ss ib le  fo r  p ro p ag a tio n  
along  any c ry s ta llo g ra p h ic  d ir e c t io n s ,  in  g en era l has two d i f f e r e n t  
va lues in  each d ir e c t io n s .  Only in  t h e < l l l >  and<  100> d irec tions a re
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the  two p o la r is e d  tra n sv e rse  wave v e lo c i t ie s  eq u al, w h ils t  th e  g re a te s t
v a r ia t io n  occurs in  the  <'110> d ire c t io n .
97In  1978, S i lk ,  derived  a  fo rm u la tio n  based on a  sim ple
cubic model to  p re d ic t  th e  u l t r a s o n ic  t r a n s i t  tim e v a r ia t io n  in  a u s te n i-
t i c  s t e e l  w elds. In  th i s  model, the  s t ru c tu re  o f  the  weld i s  considered
to  have a  complete alignm ent o f c r y s t a l l i t e s  in  a l l  d i r e c t io n s .  However,
the  c a lc u la te d  r e s u l t s  o f the  u l t r a s o n ic  c h a r a c te r i s t ic s  based on th i s
model show a  r a th e r  s ig n i f ic a n t  d iscrepancy  w ith  experim ental r e s u l t s .
L a te r , the  same au th o r proposed th e  a l te r n a t iv e  model which i s  based on
th e  assum ption th a t  th e  c r y s ta l  alignm ent i s  on ly  s ig n i f ic a n t  in  th e
through th ick n ess  d ir e c t io n  o f the  w elds. The welds a re  s a id  to  have
lOya  s p e c ia l  o r th o tro p ic  symmetry. For th e se  w elds, th e re  a re  f iv e  
independent e l a s t i c  co n stan ts  so th a t  the  s o lu tio n  o f  th e  eq u atio n  (2 . 3) 
in  s e c t io n  ( 2 . 1 . 2 ) y ie ld s  the  th e o re t ic a l  p ropaga tion  v e lo c i t ie s  f o r  
a  q u a s ilo n g itu d in a l wave (L) a s  w ell as two q u asi tra n sv e rse  waves (T^ 
and Tg) in  the  form o f ; ^
PCL T * C44 + 4 (m2a+n2k * ((m ^ + n ^ )2 -  4m2n2(ah-d2))^)
2 •••(2.1l)
P°E = a2°44 * m2((Cll “ ci2)/2)
where m -  s in  ©, n  = cos 6 , 0 i s  th e  angle  o f  in c l in a t io n  o f  columnar
g ra in  axes, a  s  — ^44* ^ = ^13 + ^44* ^  3 ^33 ~ ^44*
: re p re se n ts  tra n sv e rse  waves p o la r is e d  in  the  d i r e c t io n  p a r a l l e l
to  the  1-  o r  2- a x is .
Tg 5 re p re se n ts  corresponding  waves p o la r is e d  in  the  p lan e  th a t
co n ta in s  the  3 -a x is . (For th e  co o rd in a te  a x is ,  r e f e r  to  f i g .  2 ) .
Assuming th e  sp e c ia l o r th o tro p ic  model, s e v e ra l au th o rs  have 
c a lc u la te d  the  expected an g u lar v a r ia t io n  in  the  v e lo c i ty  o f lo n g itu ­
d in a l and tra n sv e rse  waves in  a u s te n i t ic  s t e e l  w elds.
In  a l l  c a se s , the  c a lc u la te d  r e s u l t s  a re  in  c lo se  agreem ent w ith  th e
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experim ental d a ta . The theory  o f  u l t r a s o n ic  wave p ropagation  in  a u s te -
98n i t i c  welds has j u s t  been completed by G illa n . In  h e r  a n a ly s is ,  
th e  a n iso tro p ic  n a tu re  o f  the  weld i s  modelled by a sp e c ia l  o rth o ­
tro p ic  system . Using th is  system , the  complete ex p ress io n  o f  the  
apparen t a m p lif ic a tio n  o r  fo cu sin g  and defocusing  which occurs in  a  
d iv e rg in g  beam due to  the  f a c t  th a t  the  group v e lo c i t ie s  and phase 
v e lo c i t ie s  o f  th e  u l t r a s o n ic  waves a re  n o t p a r a l l e l ,  a re  d e riv ed .
I t  i s  obvious from the  l i t e r a t u r e  quoted above th a t  the  
d i f f i c u l ty  in  im plem enting th e  u l t r a s o n ic  in sp e c tio n  in  a u s te n i t ic  
welds i s  m ainly because o f  th e  high degree o f  g ra in  alignm ent i n  such 
m a te r ia ls .  Thus, in  any u l t r a s o n ic  in sp e c tio n  o f  such m a te r ia ls ,  one 
has to  know th e  ex ac t o r ie n ta t io n  o f  th e  g ra in  a t  the  p o in t where the  
in sp e c tio n  i s  perform ed. I f  th i s  e f f e c t  i s  n eg lec ted , i t  i s  v e ry  
l i k e ly  th a t  th e  in te r p r e ta t io n  o f  f in a l  d a ta  w il l  n o t be a b le  to
y
c h a ra c te r is e  the  d e fe c t p ro p e rly .
I t  i s  th i s  f a c t  th a t  le d  us to  f in d  a  quick and e f f i c i e n t
m ethod.of prob ing  th e  g ra in  o r ie n ta t io n  w ith in  th e  a u s te n i t ic  weld to
re p la ce  the  X-ray po le  f ig u re  techn ique which i s  very  tim e consuming and
in a p p ro p ria te  f o r  o n - lin e  in sp e c tio n . O ther s o lu tio n s  o f  th e  problem
have a lso  been o ffe re d  by sev e ra l in v e s t ig a to r s .  The u l t r a s o n ic  in s p e c -
109.-11?tio n  th a t  employs th e  d i f f r a c t io n  tech n iq u e , 7 o r  p o ss ib ly  th e
s c a t t e r  te ch n iq u e ,^ ^ “^ 5  ^ave been suggested  as an a l te r n a t iv e  to  th e
time domain approach. These techniques a re  le s s  s e n s i t iv e  to  an g u la r
changes than  the  technique based on the  r e f le c te d  p u lse  tim e d e la y . Some
workers have attem pted  to  improve the  d e te c tio n  o f d e fe c ts  in  th e  weld by
usin g  s p e c ia l  p r o b e s , w h i l e  o th e rs  propose th e  use o f s ig n a l p ro c e ss -  
117-ing techniques* However, most o f th ese  techniques appear to  be more 
d i f f i c u l t  to  apply than  the  conventional tim e domain approaches. Thus, 
our e f f o r t  in  f in d in g  the s im p lest technique fo r  determ in ing  the  g ra in  
o r ie n ta t io n  in  the  weld necessary  fo r  the  l a t t e r  approach i s  j u s t i f i e d .
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2 .6 . The g en era tio n  and d e te c tio n  o f su rfa ce  a c o u s tic  waves (SAW).
2 .6 .1 . In tro d u c tio n .
The g en era tio n  o f su rface  a c o u s tic  waves re q u ire s  a p p lic a tio n  
to  th e  su rface  o f  a  s p a t i a l  p e rio d ic  d i s t r ib u t io n  o f  s u i ta b ly  phased 
s t r e s s e s .  For t h i s ,  a  number o f  p o s s ib le  techn iques have been in v e s t i ­
g a ted  s in ce  F ire s to n e  f i r s t  caused a  weak: wave to  p ropagate beneath  a  
Y -cut q u a rtz  p la te  bonded w ith  o i l  to  s o l id .  ^  However, th e  s im p le s t 
technique f o r  g e n e ra tin g  such a  wave i s  th e  one th a t  in v o lv es  immersion 
o f  the  s o l id  in  a  l iq u id  i n  which th e  v e lo c i ty  o f  the  lo n g itu d in a l wave
(Y^) i s  le s s  than  the  v e lo c i ty  o f  the  su rfa c e  wave in  s o l id  (Yr ) .  I t  i s
ap p ro p ria te  to  break  th i s  s e c tio n  in to  sm a lle r se c tio n s  beg inn ing  w ith  
an a ttem p t to  understand  the  mode o f  conversion  th a t  w il l  occur when 
th e  u lt r a s o n ic  wave s t r ik e s  a  s o l id / l iq u id  in te r f a c e .  L a te r , th e  c lo se  
exam ination o f  th e  no n -sp ecu la r r e f l e c t i v i t y  phenomena a t  th e  su rfa c e  
wave c r i t i c a l  ang le  w il l  be d e sc rib e d . In  th e  th i r d  s e c t io n , th e  f a c to r s  
th a t  in flu en c e  th e  depth  o f the  trough  (minimum r e f le c t io n  am plitude) 
a t  th e  su rfa ce  wave c r i t i c a l  angle  w il l  be d iscu ssed  and follow ed 
f i n a l l y  by a  b r ie f  d e sc r ip tio n  o f  the  in s tru m en t th a t  may be used to
g en era te  and to  d e te c t  th e  su rfa ce  by the  r e f le c t io n  tech n iq u e .
2 .6 .2 . Mode o f conversion  in  a  s o l id / l iq u id  in te r f a c e .
Of many p o s s ib le  tech n iq u es , the  r e f le c t io n  techn ique (a ls o  
known as an immersion techn ique) was found to  be the  s im p le s t way o f  
g e n e ra tin g  a  su rfa ce  wave in  s o l id s .  When the  u l t r a s o n ic  beam from 
the  tran sd u ce r encounters th e  su rface  o f th e  m etal specim en, p a r t s  o f  
i t s  energy w il l  be r e f le c te d  back w hile  the  r e s t  o f  i t  i s  r e f r a c te d  
w ith in  the bu lk  o f the  specimen as the  lo n g itu d in a l and tra n sv e rse  
modes as shown in  f i g .  4«
The geom etrical r e la t io n s h ip s  th a t  e x i s t  between th e  in c id e n t  
and re f r a c te d  beam a re  g e n e ra lly  d e sc rib ed  by S n e l l 's  Law as fo llo w s ;
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F ig . 4* Geometric r e f le c t io n  and r e f r a c t io n  
o f  d i l a t a t io n a l  wave a t  a  s o l id / l iq u id  i n t e r ­
fa c e ; co n d itio n  e x is t in g  when v e lo c i ty  o f  
sound in  l iq u id  i s  l e s s  than  th a t  o f  t r a n s ­
v e rse  wave in  s o l id .
S in  ©i  S in  S in
where V i s  the  d i la ta t io n a l  wave v e lo c i ty  in  l iq u id  and Y^ and Y^ 
re p re se n t th e  lo n g itu d in a l and tra n sv e rse  wave v e lo c i t ie s  in  th e  s o l id .
In  such a  system , i f  Y^C V^< V^ > th e  r e f r a c t io n  an g les  a re  always la r g e r  
than  the  angle o f in c id en ce  so th a t  i t  i s  p o s s ib le  to  produce c r i t i c a l  
r e f r a c t io n s ,  i . e .  the  c o n d itio n  where the  angle  o f  r e f r a c t io n  eq u a ls  90 °.
For th e  ray  system  shown in  f i g .  4> i t  i s  always p o s s ib le  to  
c a lc u la te  the r e f le c t io n  c o e f f ic ie n t  (R) a t  any ang les  o f  in c id e n ce  by
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118u sin g  the  fo llow ing  equation ;
% cos229 + Z 3 in 229 -  Z
H -  M o ------------- £ o ......................   (2-13)
ZL 003 2eT + ZT s in  20t + z
where the  normal impedances (Z, and Z^,) a re  defined  by;
a S i ,  • • < * • » )
The su b sc r ip ts  1 and 2 r e f e r  to  the  wave i n  the  s o l id  and th e  l iq u id
re s p e c tiv e ly  and p i s  th e  d e n s ity  o f  the  m a te r ia l .  Using th i s  eq u a tio n ,
th e  r e f le c t io n  c o e f f ic ie n t  fo r  th re e  d i f f e r e n t  w ater/sedim ent, in te r f a c e s
119
has been c a lc u la te d . In  th i s  c a lc u la t io n ,  a  c r i t i c a l  ang le  f o r  th e  
lo n g itu d in a l wave a t  which each curve goes to  u n ity  has been observed .
The f a c t  th a t  in  those  sedim ents causes th e  absence o f  th e
tra n sv e rse  wave c r i t i c a l  ang le  in  th e  goniogram o b ta in ed .
However, the  above eq u a tio n  has f a i l e d  to  ex p la in  s a t i s f a c to ­
r i l y  the  anomaly th a t  has been observed i n  th e  r e f le c t io n  c o e f f ic ie n t  
o f  most m a te r ia ls .  Ifypical experim ental r e s u l t s  o f  th e  u l t r a s o n ic
r e f le c te d  p u lse  am plitude o f  the  system  com prises w a te r / f e r r i t i c  s t e e l
120in te r fa c e s  a re  shown in  f i g .  5 . As expected , th e  f i r s t  peak i n  th e  
curve occurs a t  th e  ang le  o f in c id en ce  th a t  causes th e  c r i t i c a l  r e f r a c ­
t io n  o f a  lo n g itu d in a l wave in  f e r r i  t i c  s t e e l s .  Using th e  experim ental 
va lue  o f  th i s  an g le , to g e th e r w ith  S n e l l 's  Law, one can c a lc u la te  the  
v e lo c i ty  o f  th e  lo n g itu d in a l wave in  th i s  s t e e l .  At h ig h e r an g les  o f  
in c id en ce , th e  r e f le c t io n  am plitude f i r s t  d ecreases and then  approaches 
t o t a l  r e f le c t io n  again  as th e  tra n sv e rse  wave i s  c r i t i c a l l y  r e f r a c te d
on th e  s o l id  su rfa c e . N eg lecting  th e  p o ss ib le  e x is ten ce  o f  su rfa c e
121 122a c o u s tic  waves as Mayer d id , 9 one would expect t o t a l  in te r n a l  
r e f le c t io n  to  occur a t  ang les o f in c id en ce  beyond th a t  which produces 
c r i t i c a l  tra n sv e rse  r e f r a c t io n .  However, as ev id en t from th e  r e s u l t
1 nf\ *1 n i
o b ta in ed  by C u r tis , and Paure e t  a l ,  beyond th i s  ang le  th e
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F ig . 5. V a ria tio n  in  r e f le c te d  am plitude o f u l t r a s o n ic  p u lse
a t  a  w a te r - f e r r i t i c  s te e l  in te r f a c e  as a  fu n c tio n  o f  an g les
120
of in c id en ce .
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re f le c tio n  amplitude goes through a very noticeable minimum before 
reaching to ta l  re f le c tio n . I t  i s  th is  minimum th a t i s  not able to be 
explained by the elementary wave’s theory. I t  corresponds to an apparent 
lack of energy in  the re flec ted  beam a t  the measurement point* L ater, i t  
i s  suggested th a t th is  trough i s  re la te d  to the surface wave generation 
a t  the in te rface  where the incident energy i s  converted in to  a  surface 
wave ra th e r than being to ta l ly  re f le c ted . The most in te re s tin g
fa c t i s  th a t many experimenters have observed th a t the position  as well" 
as the shape of th is  trough i s  very sensitive  to the m aterial p ro p erties . 
This suggests th a t the SAW trough may be used e ffec tive ly  as a method 
of detecting  changes in  the p roperties of m ateria ls. Since the angle 
of re fra c tio n  a t  the trough position  i s  equal to 90°, S n e ll’s Law becomes;
Sin ei  _ ±_   (2.15)
= VE
where V i s  the surface wave velocity  and ©. i s  the angle of the inciden t
XL A
beam. Thus, i f  the longitudinal wave velocity  in  the liq u id  (7^) i»  
known and the angle of incidence (G^) can be detected, then the v e loc ity  
of the surface wave (VR) can be calcu lated  .
I t  i s  evident th a t the c la ss ic a l non-attenuative wave model
\\Q
of Berkhovskikh, f a i l s  to p red ic t the nature of the c r i t ic a l  angle
re fle c tio n  amplitude a t  the angle of incident where a  surface wave i s
generated. This fa ilu re  emphasises the need fo r fu rth er modelling of the
mathematical re la tionsh ip  involved in  the propagation of u ltra so n ic  waves.
125By applying the v isco -e la s tic  wave theory, Becker e t a l ,  have 
generalised the c la ss ic a l non-attenuative model to obtain a model 
which includes a consideration of the e ffe c t of the wave a ttenuation .
This new model has accurately predicted the amplitude and phase r e la ­
tionship of the re flec ted  beam around the angle where the trough i s  
observed. Other experimenters have explored th is  region and given th e ir
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ex p lan a tio n  in  terms o f no n -sp ecu la r r e f l e c t i v i t y  a t  the  su rfa c e  wave 
c r i t i c a l  angle as w il l  be d esc rib ed  in  the nex t s e c tio n .
2 .6 ,3 , M on-specular r e f le c t io n  phenomena a t  the  su rfa ce  wave 
c r i t i c a l  a n ^ le .
I t  i s  a  w ell known f a c t  th a t  when a  bounded u l t r a s o n ic  beam 
i s  in c id e n t from a  l iq u id / s o l id  in te r f a c e ,  sp ecu la r r e f l e c t io n  from the  
su rfa ce  o f  the  s o l id  as  w ell as sp ec u la r  r e f r a c t io n  (tran sm iss io n ) in to  
th e  s o l id  tak es  p la c e . The term sp ec u la r  im p lie s  th a t  th e  g eo m etrica l 
r e f le c t io n  o r  r e f r a c t io n  o f  th e  beam produces a  beam w ith  p robab ly  
a  low er in te n s i ty  bu t w ith  th e  same in te n s i ty  p r o f i l e .  However, th e re  
i s  a  p a r t i c u la r  angle o f  in c id e n t namely th e  'su rface  wave c r i t i o a l  
an g le ’, a t  which th e  in c id e n t beam w il l  be n o n sp ecu la rly  r e f le c te d  and 
re f r a c te d .  These nonspecu lar r e f le c t io n  and r e f r a c t io n  r e f e r  to  th e  
phenomenon where th e  r e f le c te d  and th e  r e f r a c te d  beams have an in te n s i ty  
d i s t r ib u t io n  p r o f i le  d i f f e r e n t  from th a t  o f th e  in c id e n t  beam. A ty p ic a l  
p r o f i l e  o f a  beam n o n specu larly  r e f le c te d  and r e f r a c te d  th rough a  
lay ered  system  i s  shown in  f i g .  6
incident
baqm
reflected
beam
solid ' ' ' ' T
liquid \  \
transmitted
beam
F ig . 6 . Coordinate system  and ty p ic a l  no n sp ecu la r
p r o f i le s  o f r e f le c te d  and r e f ra c te d  sound beams.
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From now on we w il l  ig no re  the  nonspecu lar r e f r a c t io n  pheno­
menon and w il l  co n cen tra te  to  the  nonspecu lar r e f le c t io n  phenomenon 
because o f i t s  d i r e c t  re lev an ce  to  the  method used in  our experim ent in  
g en e ra tin g  and d e te c tin g  the su rface  wave. Prominent among th e  fe a tu re s  
shown in  f i g .  6 a re  the  so c a lle d  ‘beam displacem ent* , a  s h i f t  o f  the  
r e f le c te d  beam from th e  p o s i t io n  p re d ic te d  by the  geom etrical a c o u s tic  
laws o f r e f le c t io n ,  a  n u l l  o r minimum in te n s i ty  w ith in  the  r e f le c te d  
beam and a  weak t r a i l in g ' extends toward the  f a r  s id e  o f r e f le c te d  
f i e l d .  These phenomena have been observed and v a rio u s  ex p lan a tio n s  
fo r  th e i r  o r ig in  a re  proposed by a  number o f a u th o rs .^26,130-134
The phenomenon o f  th e  beam disp lacem ent has been a c t iv e ly
133s tu d ie d  s in ce  1947 when Goos and Hanchen, dem onstrated th a t  a  beam
o f l i g h t  i s  d isp laced  from the  expected g eo m etrica lly  r e f le c te d  beam
upon r e f le c t io n  from the  in te r f a c e  between two tra n sp a re n t m edia.
126L a te r , in  1950, Schoch, showed th e o r e t ic a l ly  th a t  a  bounded a c o u s tic  
beam in c id e n t a t  the  su rfa ce  wave c r i t i c a l  ang le  i s  d isp laced  i n  th e  
forw ard d ire c t io n  along- th e  in te r f a c e  o f  s o l id / l iq u id  system s w ith  a  
v e lo c i ty  th a t  i s  id e n t ic a l  to  the  su rface  wave v e lo c i ty .  The ex p ress io n
fo r  the  d isp lacem ent i s  in  the  form o f;
2ylp2
Displacem ent (D) —
T C P i
a (a -b ) f ^  l+6b2(l-d )-2 b (3 -2 d )
(2 .16)
_ b(b-l) J b-d
A 2 2i s  the  wavelength in  the  l iq u id ,  a  = ^ 9
p
d s  P *s °*-ens "^fcy medi a * su b sc r ip ts  L, T and R
r e f e r  to  the  lo n g itu d in a l, tra n sv e rse  and su rfa ce  waves and th e  subs­
c r ip t s  1 and 2 r e f e r  to  l iq u id  and s o l id  re s p e c tiv e ly . This th e o r e t ic a l
p re d ic tio n  o f the  beam disp lacem ent i s  l a t e r  ex perim en ta lly  v e r i f ie d
134 135fo r  a  number o f m a te r ia ls . Thus, Schoch*s beam d isp lacem ent may
be considered  in  terms o f su rface  wave p ropagation  along  the  in te r f a c e .  
However, th is  b a s ic  framework o f  Schoch 's th e o re t ic a l  a n a ly s is  o f
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nonspecular r e f le c t io n  phenomena d id  n o t account fo r  two rem aining
fe a tu re s  shown in  f ig .  6 .
The th e o re t ic a l  a n a ly s is  o f the  nonspecu lar r e f l e c t io n  pheno-
128menon was then  extended by B erton i and Tamir. By c a r e fu l ly  examining 
th e  r e f le c t io n  c o e f f ic ie n t  fo r  ang les in  th e  v ic in i ty  o f  the  su rfa ce  
wave c r i t i c a l  an g le , and by tak in g  in to  account th e  an g u lar spectrum  
o f  p lane waves th a t  comprise a  bounded beam, they have developed a  
model . o f  the  r e f le c t io n  p rocess th a t  ex p la in s  a l l  the observed pheno­
mena. A complex Laurent S e rie s  ex p ress io n  i s  used to  s im p lify  th e  mathe­
m a tic a lly  com plicated ex p ression  o f  r e f le c t io n  c o e f f ic ie n ts  in  terms 
o f  i t s  complex po le  and zero . The th e o re t ic a l  r e s u l t s  p re sen ted  by 
them a re  in  e x c e lle n t agreement w ith  a v a ila b le  experim ental r e s u l t s  
w ith  r e s t r i c t i o n  to  th e  case o f a  s o l id / l iq u id  in te r f a c e  on ly .
As mentioned e a r l i e r ,  th e  theo ry  o f the  Schoch*s beam d is ­
placem ent has been v e r i f ie d  f o r  a  number o f m a te r ia ls .  However, by means 
o f  hydrophone r e f l e c t i v i t y  measurements, o th e r  experim enters have shown
th a t  th i s  theory  alone i s  inadequate  to  e x p la in  th e i r  experim ental 
126 155 156r e s u l t s .  9 9 The inadequacy o f  th i s  theo ry  to  ex p la in  th e  e x p e r i-
135m ental r e s u l t  i s  p a r t ic u la r ly  tru e  in  th e  cane o f aluminium. In  th i s
case , i t  was shown th a t  f o r  a  p lane  hydrophone o r ie n te d  a t  th e  su rfa c e
wave c r i t i c a l  angle o f  aluminium, a  uniform , unique-phase s ig n a l was
in te rc e p te d  n e i th e r  a t  the  p o s it io n  o f  th e  sp ec u la r  r e f le c t io n  nor a t
the  Schoch’s d isp lacem ent d is ta n c e  (D) f o r  a  range o f frequency .
More re c e n t ly ,  a  beam disp lacem ent phenomenon a t  a  l i q u i d /
129s o l id  in te r fa c e  was s tu d ie d  by Neubauer e t  a l ,  by u s in g  th e  S c n lie re n  
photographic techn ique. C arefu l exam ination o f the  S ch lie ren  photo­
graphs has enabled them to  propose a  sim ple model as fo llo w s;
At and n ear th e  su rface  wave c r i t i c a l  an g le , in  a d d itio n  
to  the  normal sp ecu la r r e f le c t io n ,  an in c id e n t a c o u s tic  
beam g en era tes  a  su rface  wave in  the  s o l id  which r a d ia te s
in to  the  w ater aa i t  p ro g resses  a long  the in te r f a c e .  At 
ex ac tly  the  su rfa ce  wave c r i t i c a l  a n g le , the  sp ec u la r  
r e f le c t io n  and the  su rface  wave r a d ia t io n  i s  180° o u t 
o f  phase. In te r fe re n c e  occurs between the  sp ec u la r  and 
the  su rface  wave ra d ia t io n  when they a re  o f  o p p o site  
phase and o f equal am plitude causing  a  n u l l  f i e l d  in  a  
p o rtio n  o f a  sp ec u la r  r e f le c t io n  re g io n .
This model i s  shown d ia g ra m a tica lly  in  f i g .  7 j ^ 9*137
Liquid
Solid
F ig . 7* R e fle c tio n  from in te r f a c e .  P a r t  A denotes 
sp ec u la r  r e f le c t io n ;  p a r t  C, su rfa ce  wave r e r a d ia ­
t io n ;  and p a r t  B, in te r fe re n c e  re g io n .
In  th i s  diagram , th e  reg io n  dominated by sp e c u la r  r e f l e c t i o n  
(p a r t  A) i s  180° o u t o f phase w ith  the  re g io n  dominated by th e  su rfa c e  
wave re ra d ia t io n  (p a r t  C). P a r t  B i s  th e  reg io n  o f  d e s tru c t iv e  i n t e r ­
fe ren ce . From S ch le iren  photographs, i t  was fu r th e r  observed th a t  th e  
p r o f i le  o f the  r e f le c te d  beam i s  s ig n i f ic a n t ly  la r g e r  than. th a t  o f  th e  
in c id e n t beam 's p r o f i le  a t  the  su rfa c e  wave c r i t i c a l  an g le .
I t  i s  the  re g io n  o f d e s tru c tiv e  in te r fe re n c e  which makes th e
su rface  wave c r i t i c a l  angle e a s i ly  and a c c u ra te ly  observab le  and thus
127 129allow s accu ra te  measurement of su rfa ce  wave v e lo c i ty . 9 P rev ious 
S ch le iren  study by C u rtis  in d ic a te s  th a t  the  su rface  wave becomes
120a c tiv e  a  few degrees b e fo re  the  ang le  d e fined  by th e  eq u a tio n ;it
-6 0 -
®B * S in  _1 ( )  ( 2‘17)vR
A c tiv ity  con tinues f o r  a  few degrees beyond © b u t i s  a t  a  maximum a tH
th is  an g le . ‘Thus, the  o b serv a tio n  o f  the  minimum in  the  r e f l e c t io n  
am plitude p rov ides an in d ic a t io n  o f  su rfa ce  wave a c t i v i t y .  By m easuring 
and knowing the  v e lo c ity  o f  the  in c id e n t beam in  the  l iq u id  co u p lan t, 
the  su rfa ce  wave v e lo c i ty  in  the  s o l id  can be c a lc u la te d . C onsider a  
s in g le  re c e iv in g  tran sd u ce r o f  the  same dim ension as th e  t r a n s m it te r  
p o s itio n e d  a t  the  angle  o f  r e f le c t io n  p re d ic te d  by th e  g en era l law o f 
r e f le c t io n .  Since the  r e f le c te d  beam p r o f i l e  i s  la r g e r  th an  th a t  o f  
in c id e n t  beam*s p r o f i l e ,  th e  re c e iv e r  w i l l  n o t be a b le  to  in te r c e p t  th e  
e n t i r e  r e f le c te d  beam. Consequently, th i s  w il l  produce an o u tp u t th e  
am plitude o f  th e  r e f le c te d  beam which i s  s ig n i f ic a n t ly  low er than  th e  
th e  r e f le c te d  p u lse  am plitude where nonspecu lar r e f le c t io n  does n o t 
take  p la c e . On th e  u l t r a s o n ic  r e f l e c t i v i t y  p lo t  ( th e  r e f le c te d  p u lse  
am plitude v ersus ang les o f  in c id e n c e ) , th i s  w il l  correspond to  a
1 JO
pronounced trough th a t  i s  n o t exp lained  by the  c la s s ic a l  th eo ry .
A f u r th e r  m o d ifica tio n  to  th e  theo ry  o f nonspecu lar r e f l e c t i ­
v i ty  a t  th e  su rfa ce  wave c r i t i c a l  ang le  th a t  inc luded  th e  e f f e c t s  o f
17
th e  a t te n u a tio n  in  the  medium was c a r r ie d  o u t by Becker and R ichardson, 
and l a t e r  confirm ed e x p e r im e n ta l ly ." ^  As f a r  as th e  r e f l e c t io n  c o e f f i ­
c ie n t  i s  concerned, they  have shown th a t  i t  behaves d i f f e r e n t ly  when 
ab so rp tio n  i s  taken  in to  accoun t. In  such c ase s , t o t a l  r e f l e c t io n  i s  
n o t expected a t  any ang les o f  in c id en ce  and th e  r e f le c t io n  am plitude 
and phase a re  shown to  d e v ia te  s ig n i f ic a n t ly  from th e  n i l  a t te n u a tio n  
case . S everal th e o rie s  have appeared l a t e r  in  th e  l i t e r a t u r e  which 
modify th e  nonspecular r e f le c t io n  fo rm ula tion  to  in c o rp o ra te  th e  a t t e ­
n u a tio n  o f  the  m e d i u m . I n  th e  same a n a ly t ic a l  framework, B reazeale  
e t  a l , ^ ^  examined the  r e f le c te d  in te n s i ty  p r o f i l e  observed a t  a  la rg e
-6 1 -
d is ta n c e  from th e  l iq u id / s o l id  in te r f a c e .  The u n if ie d  th eo ry  o f  the
128su rface  wave c r i t i c a l  ang le  phenomenon o f  B erton i and Tamir, which 
i s  s t r i c t l y  ap p lied  to  the  l iq u id / s o l id  system on ly , was l a t e r  extended 
to  a  more com plicated system  o f  l iq u id / s o l id / l iq u id  i n t e r f a c e s .* ^
I t  i s  shown th a t  th e  bounded beam e f f e c t s  occur in  th i s  system  a re  
analogous to  th e  bounded beam e f f e c ts  re p o rte d  e a r l i e r .
The l a t e s t  development o f  th e  theory  o f .nonspecu lar r e f l e c t i ­
v i ty  f o r  th e  s o l i d / l i q u i d ,* ^  and l iq u id / s o l id / l iq u id  i n t e r f a c e s ,* ^  i s  
the  in tro d u c tio n  o f  the  num erical in te g ra t io n  method. This method i s  
developed to  c a lc u la te  th e  in te n s i ty  p r o f i l e  o f  an u l t r a s o n ic  beam 
r e f le c te d  from bo th  system s. The r e f le c te d  beam p r o f i le  i s  determ ined 
by num erica lly  in te g r a t in g  th e  F o u rie r  In te g ra l  d e sc r ib in g  th e  r e f le c te d  
beam am plitude , tak in g  in to  account the  a tte n u a tio n  in  the  m a te r ia l 
in v o lv ed . The method i s  n o t on ly  r e s t r i c t e d  to  c a lc u la tio n s  a t  th e
SAW c r i t i c a l  an g le , b u t can a lso  be extended to  o th e r  ang les o f  i n c i -  
143dence, where B erto n i and Tamir*s th eo ry  cannot be a p p lie d . I t  i s  a lso
shown th a t  th e  s tre n g th  and the  d e te c ta b i l i ty  o f  nonspecu lar e f f e c t s
n o t on ly  depend on the  ang le  o f  in c id e n ce , b u t a lso  on th e  frequency ,
beamwidth and the  m echanical p ro p e r tie s  o f  th e  s o l id / l iq u id  system  
144chosen.
As mentioned e a r l i e r ,  the  su rfa ce  wave v e lo c i ty  can be measured 
a c c u ra te ly  by observ ing  the  minimum r e f le c t io n  am plitude g iv en  by th e  
r e c e iv e r .  However, th i s  minimum r e f le c t io n  am plitude i s  n o t a  g en e ra l 
fe a tu re  in  a l l  m a te r ia ls .  In  the  n ex t s e c t io n , we w il l  d isc u ss  th e  
f a c to r s  th a t  in flu en ce  th e  depth  o f  the  SAW trough . I t  w i l l  be shown 
th a t  in  some m a te r ia ls , th e  n u l l  re g io n  i s  com pletely ab sen t and the  
su rfa ce  wave g en era tio n  and v e lo c i ty  de te rm in a tio n  u s in g  th e  r e f l e c t io n  
technique i s  n o t p o s s ib le .
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2.6 .4* F ac to rs  th a t  in flu en c e  the r e f le c t io n  am plitude a t  the
su rface  wave c r i t i c a l  an g le .
T h e o re tic a lly , i t  i s  always p o ss ib le  to  g en era te  a  su rfa ce
31wave a t  a  l iq u id / s o l id  in te r f a c e .  However, experience i n  th e  NDT
c e n tre  a t  Harwell has shown th a t  w ith  some com binations, the  trough
145gen era ted  i s  so sm all as to  be non ex isten ce . I t  has been proposed
th a t  the form ation  o f the  trough in  th e  u l tr a s o n ic  r e f l e c t i v i t y  a t  the
su rfa ce  wave c r i t i c a l  angle  i s  c o n tro lle d  by th e  a tte n u a tio n  caused by
30the  s o l id  to  the  tra n sv e rse  wave com ponen t.^  I f  i t  i s  h ig h , as  i t  i s
in  th e  case  o f  a  tr ic h io ro e th a n e /p e rsp e x  in te r f a c e ,  th e  tra n sv e rse  wave
145a tte n u a te s  very  q u ick ly  and the  trough i s  shallow . D e ta iled  i n v e s t i ­
g a tio n  o f  th e  e f f e c t  o f  the  a tte n u a tio n  on th e  depth  o f  th e  trough  a t
125th e  SAW c r i t i c a l  ang le  has been conducted by Becker and R ichardson.
F i r s t  r e s u l t s  o f  measurements made on th e  w ater/504 s ta in le s s  s t e e l  
in te r f a c e  show th a t  the  p r in c ip a l  f a c to r  governing the  dep th  o f  th e  SAW 
trough  was the  tra n sv e rse  wave a tte n u a tio n  w hile th e  v e lo c i ty  (p r in c i ­
p a l ly  tra n sv e rse )  c o n tro lle d  the  an g u la r p o s it io n  o f  th e  tro u g h . S im ila r  
experim ents were conducted two y ears  l a t e r  by the  same w o r k e r s . T h e  
outcome o f the  in v e s t ig a t io n  shows th a t  th e  lo s s  param eter i s  th e  
f a c to r  which c o n tro ls  th e  depth  o f  th e  trough  r a th e r  than  th e  a tte n u a ­
t io n  alone as was supposed p re v io u s ly . They d efin ed  th e  lo s s  param eter 
as the  tra n sv e rse  wave a tte n u a tio n  perw avelength. Thus, i n  th e  case  o f  
a  tr ic h lo ro e th a n e /p e rsp e x , due to  th e  very  high lo s s  param eter o f  
perspex , the  deep trough  which i s  expected a t  th e  SAW c r i t i c a l  ang le  
i s  com pletely ab sen t. In  such a  m a te r ia l ,  d e te c tio n  o f a  su rfa c e  wave 
by th i s  method i s  acco rd ing ly  n o t p o s s ib le .
In  1966, B o H i n , ^ * '^  observed th a t  th e  depth  o f  th e  SAW 
trough a t  th e  SAW c r i t i c a l  angle measured on a  tough p i tc h  copper sample 
was frequency dependent. I.t was shown th a t  o f  a l l  th e  f re q u e n c ie s , th e re  
i s  one frequency which g ives alm ost zero  r e f le c t io n  a t  th i s  a n g le . At
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o th e r  freq u e n c ie s , the  minimum r e f le c t io n  was g e n e ra lly  g r e a te r .  The
frequency dependence o f  the  minimum r e f le c t io n  a t  the SAW c r i t i c a l
125angle  has been exp lained  th e o r e t ic a l ly  by Becker and R ichardson.
129This was l a t e r  confirm ed experim en ta lly  by Neubauer e t  a l .  For 
a  w ater/304 s ta in le s s  s te e l  in te r f a c e ,  they observed th a t  th e  m agnitude 
o f  th e  r e f le c t io n  a t  the  SAW c r i t i c a l  ang le  decreases up to  15MHz and 
then in c re a se s  w ith  in c reased  frequency . The frequency which c o rre s ­
ponds to  the  zero  r e f le c t io n  was then  c a l le d  *the frequency o f  l e a s t  
r e f le c t io n * .
Measurements o f  th e  phase t r a n s i t io n  which c o in c id es  w ith  the
zero r e f le c t io n  a t  th e  frequency o f  l e a s t  r e f le c t io n  show th a t  th e
136phase changes i t s  s ig n  w ith  re s p e c t to  the  in c id e n t wave. Above 
th i s  frequency , the  phase no lo n g er changes i t s  s ig n , r a th e r  i t  s h i f t s
from 0° to  60° a  few degrees befo re  th e  SAW c r i t i c a l  angle  and th en  to
-60° a t  e x a c tly  th e  SAW c r i t i c a l  ang le  and then  back to  0° ag a in .
As f a r  as  the  n o n d es tru c tiv e  te s t in g  i s  concerned, th e  f r e ­
quency o f  l e a s t  r e f le c t io n  i s  an in te r e s t in g  s u b je c t f o r  in v e s t ig a t io n .  
The maximum s e n s i t iv i ty  o f  the  trough  to  the  m a te r ia l p ro p e r t ie s  in  th e  
v ic in i ty  o f th i s  frequency could  p rov ide  a  new and s e n s i t iv e  to o l  f o r  
m a te r ia l e v a lu a tio n s .
A co n sid erab le  v a r ia t io n  o f the  depth  o f  the  SAW tro u g h  w ith
re s p e c t to  the  an g u lar o r ie n ta t io n  o f the  in c id e n t beam i n  an a n is o t r o -
18 120 162p ic  s o l id / l iq u id  system has been observed by s e v e ra l w orkers. ’ ’
In  the  p a r t ic u la r  case o f  th e  copper/w ater ^ in te rfa c e , i t  was found th a t
the  SAW trough  becomes le s s  pronounced when the  an g u lar o r ie n ta t io n  o f
th e  in c id e n t beam exceeding 30° from the  <  100 >  d i r e c t i  on o f  th e  (100)
18p lan e . This p e c u l ia r i ty  i s  then exp lained  i n  terms o f th e  a b so rp tio n  
o f  the  SAW. Experim ental r e s u l t s  suggest th a t  th e  a b so rp tio n  o f  th e  
SAW on the  (100) p lane  o f  copper i s  h igh  (about 10dB/cm) a t  th e  c r y s ta l  
o r ie n ta t io n  about 30° to  45° from th e <  100> d ir e c t io n .  More re c e n t ly ,
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the  d isappearence o f  the  SAW trough has been shown to  be due to  the
132e lo n g atio n  o f  the  p a r t i c l e  d isp lacem ent, A c a lc u la t io n  o f  a  param eter 
p which i s  th e  v e c to r  sum o f  the components o f  the  m ajor and minor axes 
o f the  p a r t i c l e  d isplacem ent e l l ip s e  p e rp en d icu la r to  the  f r e e  su rfa ce  
d iv id ed  by th e  v e c to r  sum o f the components o f th e  m ajor and minor axes 
p a r a l l e l  to  th e  su rfa ce  suggests th a t  the  trough i s  only  observab le  
when p i s  g re a te r  than  0 ,2 , Thus, th e  e x is ten ce  o f  a  . SAW i a  bo th  a  
n ecessa ry  and s u f f i c i e n t  co n d itio n  in  th e  is o tro p ic  s o l id  case  w hile 
the  e x is ten c e  o f  a  SAW in  the  a n iso tro p ic  s o l id  i s  only  n ece ssa ry  condi­
tion* A fu r th e r  c o n d itio n  i s  th a t  the  p e rp en d icu la r component o f  th e  
p a r t i c l e  d isp lacem ent e l l ip s e  must be s ig n i f ic a n t  in  o rd e r f o r  the  
e f f e c t  o f th e  SAW to  be observed.
2 .6 .5 . U ltra so n ic  goniom etry.
The g en e ra tio n  and d e te c tio n  o f  th e  SAW employing a  sim ple
r e f le c t io n  p r in o ip le  re q u ire s  an in s tru m en t to  move the  t r a n s m it te r -
re c e iv e r  com bination in  an g u lar sy n ch ro n isa tio n , w ith  th e  p lane  o f  th e
transducers normal to  two orthogonal p lanes i n  the  specimen s u rfa c e . The
e a r l i e s t  dev ice o f  th i s  k ind  o f  in s tru m en t was used i n  the  N a tional
148P h y sica l L aboratory  in  1959 > and l a t e r  c a l le d  th e  u l t r a s o n ic  gonio­
m eter due to  i t s  resem blance to  th e  X-ray goniom eter. This was r e a l l y  
a  sim ple hand opera ted  dev ice  w ith  th e  r e f le c te d  p u lse  am plitude mea­
surem ents made from an o s c il lo sc o p e . The tran sd u ce rs  can be cranked 
a p a r t  and the  SAW trough d e tec te d  v is u a l ly .  The corresponding  ang le  o f  
in c id en ce  f o r  SAW g e n e ra tio n  can be re a d  from v e rn ie rs  a t ta c h  to  th e  
tran sd u ce r and th e i r  su p p o rtin g  mounting. Since then , many more dev ices  
th a t  u t i l i s e  the  r e f le c t io n  p r in o ip le  were l a t e r  b u i l t  and re p o r te d
elsew here. 149-152 j n  1969 , the  NDT c e n tre  a t  H arw ell, b u i l t  a  goniom eter
145w ith  m otorised tran sd u ce r movement. Such a  device i s  p a r t i c u la r ly  
u se fu l in  measurements where th e  lo n g itu d in a l and tra n sv e rse  wave
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c r i t i c a l i t y  a re  le s s  e a s i ly  d e fin ed . Since i t  i s  th is  dev ice th a t  i s  
used throughout the  experim ent, a  more d e ta i le d  d e sc r ip tio n  about i t  
w il l  appear in  th e  l a t e r  s e c tio n .
A ll o f the  u l t r a s o n ic  goniom eters d esc rib ed  e a r l i e r  employ 
two tran sd u ce rs  as a  p a i r  o f t ra n s m it te r - r e c e iv e r .  There i s  an o th er 
type o f  u l t r a s o n ic  goniom eter th a t  u t i l i s e s  on ly  a  s in g le  tra n sd u ce r and
15 x
a  r e f l e c to r  composed o f two p lane  orthogonal s u rfa c e s . This type o f  
goniom eter i s  c a l le d  ’th e  r i g h t  angle  r e f l e c t o r '  goniom eter. The method 
o f  th e  SAW g e n era tio n  and d e te c tio n  by th i s  type o f  goniom eter i s  shown 
in  a  s im p lif ie d  's t a t e  d iagram s' o f f i g .  8 . The diagram shown i s  f o r  a  
w ater/m ild  s t e e l  in te r f a c e  w ith  s ta in le s s  s t e e l  as a  r e f l e c to r  b lo ck .
The goniogram shows th a t  the  SAW c r i t i c a l  ang le  f o r  the  r e f l e c to r  b lock  
should  be o f the  same o rd e r as th a t  f o r  th e  m ild s t e e l  specim en. This 
i s  necessa ry  s in ce  the  angle  o f in c id en ce  to  e x c ite  th e  su rfa c e  wave on 
the  r e f l e c to r  block i s  the  compliment o f  the  SAW c r i t i c a l  ang le  o f  the  
specim en, e .g .  © -(s ta in le s s  s t e e l )  » 31° and ©.(measured) » 90° -  ©„ =59°*
Jx 2. tL
By doing so , th e  ang les o f inc id en ce  to  e x c ite  th e  su rfa ce  wave on th e
specimen and r e f l e c to r  block a re  s u f f ic ie n t ly  se p a ra te d . This type o f
goniom eter has been used su c c e ss fu lly  i n  de term in ing  th e  m echanical
154-158s ta t e  o f  sev e ra l en g ineering  m a te r ia ls .
F in a lly , the  b a s ic  accuracy o f  the  SAW v e lo c i ty  measurement 
u s in g  the  u l t r a s o n ic  goniom eter i s  dependent upon the  knowledge o f  th e  
v e lo c ity  o f the  in c id e n t beam in  th e  coup ling  l iq u id .  S ince t h i s  i t s e l f  
i s  tem perature dependent, i t  i s  necessa ry  to  c o n tro l the  tem peratu re  o f 
th e  couplant acco rd ing ly  to  o b ta in  re p e a ta b le  r e s u l t s  w ith  th e  rea so n ab le  
accuracy . For example, a t  25°C, the  v e lo c i ty  o f  sound in  w ater in c re a se s  
by 2.4m /s fo r  every °C r i s e  in  te m p e ra tu re .^ ^  Thus, to  p re se rv e  th e  
m easuring accuracy i t  i s  necessa ry  to  c o n tro l th e  immersion w ater tempe­
r a tu r e  to  w ith in  ±0.2°C .
I t  has been s ta te d  e a r l i e r  th a t  the  l iq u id  immersion techn ique
-6 6 -
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y ie ld s  the  su rfa ce  wave v e lo c i ty  r e l a t iv e ly  sim ply. There axe o th e r  
g e n e ra tio n -re c e p tio n  techniques which re q u ire  a l te r n a t iv e  wave pro­
c ess in g  to  y ie ld  the  su rfa ce  wave v e lo c i ty  to  any p a r t i c u la r  degree 
o f  accuracy . The u l t r a s o n ic  l i t e r a t u r e  g ives many v a r ia t io n s  on the  
s u b je c t o f  v e lo c i ty  de term in a tio n .^5 9 “l 6 l
2.7* M e ta llu rg ica l a p p lic a tio n s  o f  SAW c r i t i c a l  ang le  measurem ents.
2 .7 .1 . In tro d u c tio n .
148.162Since the  e a r ly  work o f  B ra d fie ld , ’ numerous in v es­
t ig a t io n s  have been d ire c te d  toward a  more thorough u n d ers tan d in g  o f  
the  u l t r a s o n ic  r e f le c t io n  am plitude a t  s o l id / l iq u id  in te r f a c e s  p a r t i ­
c u la r ly  in  the  v ic in i ty  o f the  ang le  o f  in c id en ce  th a t  corresponds to  
th e  SAW g e n e ra tio n . The fe a tu re s  observed in  th e  r e f l e c t i v i t y  p lo t  a re  
now reasonab ly  understood . These f a c to r s  to g e th e r w ith  r e l a t i v e ly  
sim ple in s tru m en ta tio n  and ease  o f  th e  specimen p re p a ra tio n  make th e  
SAW c r i t i c a l  angle measurement a  convenient method o f  e v a lu a tin g  th e  
mechanical p ro p e r tie s  o f  a  wide v a r ie ty  o f  s o l id  m a te r ia ls .  In  th i s  
s e c tio n , th e  l i t e r a t u r e  concerning the  a p p lic a tio n  o f  th i s  measurement 
in  the  exam ination o f  th e  e l a s t i c  p ro p e r tie s  o f  m a te r ia ls  a re  rev iew ed. 
Some o th e r  p o ss ib le  m e ta llu rg ic a l a p p lic a tio n s  o f  th i s  measurement w i l l  
a lso  be review ed which in c lu d e  the  d e te rm in a tio n  o f th e  su rfa c e  re s id u a l  
s t r e s s ,  the  m a te ria l hardness and th e  depth  o f  the  case  h a rden ing  in  
carbon s t e e l s .
2 .7 .2 . Examination o f e l a s t i c  p ro p e r tie s  o f m a te r ia ls .
2 .7 * 2 .1 . I s o tro p ic  m a te r ia ls .
As mentioned in  e a r l i e r  s e c t io n s , due to  the  mode conversion  
in  s o l id / l iq u id  in te r f a c e s ,  th e re  a re  g e n e ra lly  th re e  pronounced c r i t i c a l  
ang les on the  u l tr a s o n ic  r e f l e c t i v i t y  p lo t  ( r e f le c te d  s ig n a l am plitude 
versus ang les o f in c id e n c e ) . These c r i t i c a l  a n g le s , i f  known, can be
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used to  c a lc u la te  the  lo n g itu d in a l ,  tra n sv e rse  and su rface  wave ve lo ­
c i t i e s  re s p e c tiv e ly  as fo llo w s;
VL “  VW I  S in ®L * VT = TW /  S in  ®T 80,1 \  1 S in  ®R **(2*18)
I f  ©  ^ and ©  ^ a re  bo th  id e n t i f i a b le  from a  r e f l e c t i v i t y  p lo t ,
Y^ and can be c a lc u la te d  and then  used to  ev a lu a te  th e  Young's 
modulus (x), modulus o f  r i g i d i t y  (G) and P o is so n 's  r a t i o  (o ~ ), u s in g  
the  fo llo w in g  ex p ress io n ,
2  3V? -  4V?
Young's modulus (x) = pV^ — ---- ***•................................................... ( 2*19)
Modulus o f r i g i d i t y  (G) s  pV^  .................................................. * (2 .20)
-  2V^L 2.T
2 ( ^  -  \ )
P o is so n 's  r a t i o  (oO  ** - - - * ---- - 0    ( 2«2l )
However, in  g en era l th e  de te rm in a tio n  o f  ©  ^ i s  more d i f f i c u l t  
than  Gg. F o r tu n a te ly , i t  i s  p o ss ib le  to  o b ta in  a  reaso n ab ly  good
164approxim ation o f  Ym from knowledge o f ©Q and P o isso n ’s r a t i o  which i s ,  i  it
( l  + <r) V„
VT =  --------------5  (2 .22)
(0.87  + 1 . 120-)
fflie magnitude o f  V_ /  V„ a t  v a rio u s  v a lues o f  P o is so n 's  r a t i o  , a re  g iv enxi 'i
in  g re a t d e ta i l  by Mason. In  f a c t ,  i t  can be seen th a t  th i s  r a t i o
always be in  th e  range o f  0 .87<  Vg /  Y ^<0*96. Thus, i f  one knows th e
value o f Y- and P o is so n 's  r a t i o ,  Young's modulus can be c a lc u la te d  fromix
sim ple exp ress io n ;
Y = 2pv| (1 + 0")  ( 2*23)
The v e r s a t i l i t y  o f the  SAW c r i t i c a l  ang le  measurement in  
o b ta in in g  th e  e l a s t i c  p ro p e r tie s  o f  m a te r ia ls  has been dem onstrated
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by C u rtis  fo r  th e  case o f g la s s .  By m onitoring  the  SAW trough and 
u s in g  a  sim ple c a lc u la to r ,  the  d e te rm in a tio n  o f  a l l  moduli o r  co n s tan ts  
takes le s s  than te n  m inu tes. This may be the  f a s t e s t  way o f  de term in ing  
th e  e l a s t i c  moduli o f  an is o t ro p ic  s o l id  so f a r  developed.
2 .7 * 2 .2 . A n iso trop ic  s o l id s .
In  p ra c t ic e ,  very  few m a te r ia ls  a re  i s o t r o p ic .  During th e  
s o l id i f i c a t io n  o f  m etals  o r  a l lo y s ,  i t  i s  o f te n  found th a t  th e  f i n a l  
s t ru c tu re  has a  d i s t i n c t ly  p re fe r re d  o r ie n ta t io n ,  i . e .  th e  g ra in s  a re  
a lig n e d  i n  such a  way th a t  a t  l e a s t  one o f  th e  m ajor c ry s ta llo g ra p h ic  
axes in  each g ra in  i s  s im ila r ly  o r ie n te d . The p re fe r re d  o r ie n ta t io n  
o r  te x tu re  formed d u rin g  s o l id i f i c a t io n  y ie ld s  a  m a te r ia l w ith  mecha­
n ic a l  p ro p e r tie s  which vary  w ith  c ry s ta llo g ra p h ic  d i r e c t io n s .  These 
m a te r ia ls  a re  s a id  to  be a n iso tro p ic .
U su a lly , the  p re fe r re d  g ra in  o r ie n ta t io n  i s  measured and
stu d ie d  by X -rays which y ie ld  d e ta i le d  in fo rm atio n  on th e  s t a t i s t i c a l
d i s t r ib u t io n  o f  g ra in  o r ie n ta t io n  in  th e  form o f  po le  f ig u r e s .^ 5 -1 6 7
A po le  f ig u re  i s  d esc rib ed  as a  s te reo g rap h ic  p ro je c tio n  which shows
th e  v a r ia t io n  in  the  p o le  d e n s ity  w ith  p o le  o r ie n ta t io n  f o r  a  s e le c te d
s e t  o f  c r y s ta l  p la n e s . I f  a  com pletely  random d is t r ib u t io n  e x is t s
w ith in  th e  m a te r ia l in v e s t ig a te d , the  po le  f ig u re  i s  evenly  f i l l e d  and
shows no s t r u c tu r e .  The u se fu ln ess  o f  the  po le  f ig u re  i n  th e o r ie s  o f
te x tu re  fo rm ation  and in  p re d ic tio n s  o f  p ro p e r tie s  has come to  depend
alm ost e n t i r e ly  on the  c h a ra c te r is a t io n  o f  th e  po le  f ig u re  by one o r
l6 smore id e a l  o r ie n ta t io n s .  However, th is  c h a ra c te r is a t io n  i s  n o t unique 
and d i f f e r e n t  au th o rs  o f te n  p re se n t d i f f e r e n t  id e a l  o r ie n ta t io n  to  
c h a ra c te r is e  a  g iven  p o le  f ig u r e .  In  o rd e r to  d is t in g u is h  between 
th ese  d i f f e r e n t  choices o f id e a l  o r ie n ta t io n , i t  i s  necessa ry  to  
co n sid e r o th e r  p h y sica l p ro p e r tie s  which r e f l e c t  the  te x tu re  sim ply 
because any choice  o f id e a l  o r ie n ta t io n  must p re d ic t  c o r r e c t ly  th e
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observed an iso tro p y  in  a l l  p h y s ica l p ro p e r t ie s .  The most common 
example o f th is  procedure has made use o f the  angu lar v a r ia t io n 'o f  
Young’s modulus o f a  r o l le d  sheet.V *3»168,169
The SAW c r i t i c a l  a n g le /v e lo c ity  measurement i s  a lso  o f 
s ig n if ic a n t  va lue  fo r  ev a lu a tin g  e la s t i c  p ro p e r tie s  o f a n iso tro p ic  
m a te r ia ls . I t  has been observed th a t  th e  p re fe rre d  g ra in  o r ie n ta t io n
169has a  pronounced e f f e c t  on the  SAW c r i t i c a l  a n g le /v e lo c ity  in  m e ta ls .
The q u a n ti ta t iv e  e f f e c t  o f p re fe rre d  o r ie n ta t io n  o r te x tu re  on th e
SAW v e lo c i ty  fo r  a  v a r ie ty  o f m a te r ia ls  has been exp lained  th e o re -
44t i c a l l y  by F a m e l l .  Assuming the  te x tu re  i s  co n stan t f o r  a t  l e a s t
th e  p e n e tra tio n  depth  o f a  su rfa ce  wave which i s  approxim ately a
wavelength, he co nsiders  the  v e lo c i ty  as a  fu n c tio n  o f  d i r e c t io n  in
a n iso tro p ic  s u b s tra te s  and form ulated the  problem in  a  manner s u i ta b le
171fo r  num erical c a lc u la t io n . L a te r , Waterman, pub lished  equatio n s  
from which SAW v e lo c i t ie s  in  s p e c if ie d  d ire c t io n s  in  any c r y s ta l l o ­
g raph ic  p lanes can be ev a lu a ted , in c lu d in g  the  case fo r  sm all
d ev ia tio n s  from s p e c if ic  d ire c t io n s  in  th e  p lan e . More r e c e n t ly ,
172M artin , ’ basing  h is  measurement o f the  SAW v e lo c ity  on c o ld - ro l le d  
aluminium, has p o s tu la te d  a  l in e a r  r e la t io n s h ip  between the  SAW 
v e lo c ity  and the  g ra in  o r ie n ta t io n  which i s  o f the  form;
SAW v e lo c i ty  (V^) s  oc V + ( l  -  oc  (2 .2 4 )
where oc i s  the  f r a c t io n a l  amount o f p re fe rre d  g ra in  o r ie n ta t io n .
I f  oc = 1(100^3 p re fe r re d  o r ie n ta t io n ) ,  & V , and i f  oc  = 0 
(p e r fe c t ly  random), then = V^q .
I t  i s  a  w ell known f a c t  th a t  co ld  r o l l in g  i s  a  m e ta llu rg ic a l  
o p e ra tio n  which may in tro d u ce  changes in  d is lo c a tio n  netw orks, the  
r e s id u a l s t r e s s e s  and the p re fe rre d  g ra in  o r ie n ta t io n .  I t  has been 
quoted elsew here th a t  the  e f f e c t  upon SAW v e lo c i ty  in  changes o f  
d is lo c a tio n  d en s ity  as w ell as re s id u a l s t r e s s e s  i s  very  sm all, i . e .
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120rj0*1^3. Thus, any s ig n i f ic a n t  changes o f  SAW v e lo c i t ie s  measured on
a  c o ld - ro lle d  specimen i s  a t t r ib u ta b le  to  the  changes in  p re fe r re d
o r ie n ta t io n  -within the  specimen, R otated  SAW v e lo c i t ie s  in  p o ly c ry s ta l-
173l in e  copper have been measured by R o llin . In  h is  experim ent, the  
specimens used were blocks o f  e le c t r o ly t i c  tough p itc h  copper which 
were r e c r y s t a l l i s e d  by h e a t t r e a t in g  a t  500°C f o r  o n e -h a lf  hour and 
then  co ld  r o l l e d  to  v a rio u s  red u c tio n s  up to  a  maximum o f  98,5%, The 
ro ta te d  SAW v e lo c i ty  measurement rev ea led  th a t  the  p re fe r re d  o r ie n ta t io n  
d id  n o t occur w ith in  th e  specim en u n t i l  a  th ick n ess  re d u c tio n  o f  
g re a te r  than  50^» The c o r re la t io n  between th e  SAW v e lo c i ty  and percen­
tage  o f  co ld  work in  s ta in le s s  s t e e l  has been in v e s t ig a te d  by Reimann 
and C a r s o n . T h e y  too observed th a t  th e  changes o f  SAW v e lo c i ty  take  
p lace  on ly  a f t e r  th e  specimen undergoes 5Q?o co ld  work. For 316 s t a i n le s s  
s te e ls ,  th e  r e la t io n s h ip  between th e  s h i f t  i n  the  SAW c r i t i c a l  ang le  
p o s it io n  and g ra in  deform ations due work harden ing  has been e s tim ated  
and g iven  in  th e  fo llo w in g  form;
A e R / e R -  0 . 0 6 3  A n / n  = 0 .0 6 3  A i  / 1 .  • • • ( 2 . 2 5 )
where;
i s  th e  SAW c r i t i c a l  an g le ,
n i s  a  number o f g ra in  boundaries p e ru n it  le n g th , and
1 i s  th e  g ra in  d iam eter.
In  most o f  th e  te x tu re  s tu d ie s ,  the  ro ta te d  SAW v e lo c i t i e s
a re  measured on th e  f r e e  su rfa ce  o f  the  specimen o f  i n t e r e s t  and th e
r e s u l t s  a re  compared to  the  th e o re t ic a l  r e s u l t s  fo r  s in g le  c r y s ta l
su rface s  which a re  o f te n  re fe r re d  to  as the  id e a l  o r ie n ta t io n .  The
ro ta te d  SAW v e lo c i t ie s  o f  p o ly c ry s ta l l in e  and s in g le  c r y s ta ls  o f  copper
174 44have been measured by R o llin . F a m e l l ,  showed th a t  th e  experim en tal 
r e s u l t s  ob ta ined  by R o llin  agree c lo s e ly  to  h is  th e o re t ic a l  r e s u l t s  
only  fo r  the  (100), ( i l l )  and (110) p lan es  o f  s in g le  c r y s ta l  o f  copper.
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Experim ental r e s u l t s  on the p o ly c ry a ta l l in e  o f  copper a re  by no means 
easy to  e x p la in .
The most common te x tu re s  assigned  to  co ld  r o l le d  copper i s
_ 166 
an equal m ixture o f  ( I1 0 )[ ll2 ]  and (112) t i l l]  • O ther experim enters
su ggest th a t  (351) [ l i d  , 175 and (358) [52^ , 168 te x tu re s  a re  a lso
169imminent. Of s ill th ese  te x tu re s ,  A lers and L iu , found th a t  only  th e  
(358 )[523] te x tu re  seems to  g ive  th e  most c o n s is te n t r e s u l t s .  This 
conclusion  i s  based on th e  comparison between th e  ex p erim en ta lly  d e te r ­
mined v a r ia t io n  i n  Young’s modulus w ith  th e o r e t ic a l  r e s u l t s  based on 
c e r ta in  id e a l  o r ie n ta t io n .  With ro ta te d  SAW measurements however, th e re  
i s  so l i t t l e  resem blance between co ld  r o l l e d  copper r e s u l t s  and th e  
s in g le  c r y s ta l  r e s u l t s  th a t  no one o r ie n ta t io n  was recommended as even
approxim ating th e  e l a s t i c  a n iso tro p y  o f th e  r o l l e d  copper excep t i n  th e
173case o f extreme g ra in  o r ie n ta t io n s .  '  In  th e  l a t t e r  c ase , th e  g ra in  i s
developed by very  heavy r o l l i n g  and subsequen tly  h e a t t r e a te d .  The SAW
r e s u l t s  show th a t  th e  te x tu re  developed in  th i s  m a te r ia l i s  com parable
to  th e  s in g le  c r y s ta l  o f  copper.
In  tita n iu m  a l lo y s ,  th e  in f lu e n c e  o f  th e  c ry s ta llo g ra p h ic
te x tu re  on th e i r  m echanical p ro p e r tie s  i s  rem arkable. i t  has
been re p o rte d  th a t  p re ssu re  v e sse ls  made from titan iu m  s h e e t w ith  a
s tro n g  b a sa l p lane te x tu re  have b u rs t  s tre n g th s  up to  8Q?6 h ig h e r th an
178the  u ltim a te  t e n s i le  s tre n g th . Thus, in  such m a te r ia ls ,  th e  d e te r ­
m ination  o f  the  type o f  te x tu re  i s  very  im portan t be fo re  they  were used  
to  f a b r ic a te  the  p re ssu re  v e s s e l .
The u su a l m e ta llu rg ic a l co n d itio n  th a t  e x is t s  in  th e  tita n iu m  
sh ee t produced fo r  th i s  purpose i s  th a t  th e  c e n tr a l  ax is  (C -ax is) o f  th e  
te x tu re  i s  t i l t e d  a t  some angles to  th e  normal to  r o l l in g  p lan e  b u t 
normal to  the  r o l l in g  d ire c t io n .  This type o f  te x tu re  has been s tu d ie d  
by F r e d e r i c k , u s i n g  bo th  th e  p o le  f ig u re  and tn e  r o ta te d  SAW v e lo c i ty  
measurement. I t  i s  shown th a t  the  ro ta te d  SAW v e lo c i ty  can d is t in g u is h
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very  c le a r ly  the  e x is ten c e  o f  the  s tro n g  tra n sv e rse  b a sa l p lan e  te x tu re
and the  b asa l p lane  te x tu re  which a re  a lso  id e n t i f i a b le  by the  po le  f ig u r e .
In  a d d itio n  to  t h i s ,  the  ro ta te d  SAW v e lo c ity  can a lso  id e n t i f y  the
ex is ten ce  o f th e  th i r d  type o f  te x tu re , i . e .  r o l l in g  p lane  b a sa l te x tu re ,
which i s  n o t com pletely  bora o u t by th e  p o le  f ig u re . This type o f
te x tu re  was l a t e r  named ’s p l i t - lo n g i tu d in a l  t e x tu r e '.  The s e n s i t i v i t y
o f the  SAW v e lo c i ty  to  th e  s tre n g th  o f  th e  te x tu re  i s  a lso  ev id en t from 
179F re d e ric k ’s work. A s ig n i f ic a n t  re d u c tio n  o f  SAW v e lo c i ty  i s  observed
in  th e  measurement o f  th e  weaker te x tu re .
As p o in ted  o u t e a r l i e r ,  th e  SAW v e lo c i ty  re p re se n ts  m a te r ia l
p ro p e rty  to  a  dep th  o f  on ly  one w avelength. Varying th e  w avelength th u s ,
p ro v ides a  technique f o r  examining th e  dep th  v a r ia t io n  o f  te x tu re  which
may be brought about by th e  deform ation  invo lved  in  m achining o p e ra tio n s .
In  co ld  r o l l e d  p o ly c ry s ta l l in e  copper, i t  has been observed th a t  th e
SAW v e lo c i ty  depends upon the  frequency w ith  a  very  l i t t l e  v a r ia t io n
173over a  wide range o f  re d u c tio n . The conclusion  made i s  th a t  th e
g ra in  o r ie n ta t io n  in  th i s  r e c r y s t a l l i s e d  specimen e x h ib its  a  s tro n g
depth  dependence which in  tu rn  produces the  observed frequency dependent
v e lo c i ty . However, i t  i s  a lm ost im possib le  to  ex p la in  th e  manner in
which the  te x tu re  v a r ia t io n  w ith  depth  tak es  p la c e . For t h i s ,  F red e -
179r i c k 's  r e s u l t s  a re  more h e lp fu l .  For example, i t  i s  p o s s ib le  to  
conclude th a t  the  h ig h e s t depth o f  p e n e tra tio n  which y ie ld s  th e  average 
v e lo c i ty  through the  whole th ick n ess  o f  th e  specim en, the  te x tu re  i s  
predom inantly  a  b a sa l p lane  ty p e . AS th e  depth  d ec rea se s , th e  d ir e c ­
t io n a l  dependence o f  the  SAW v e lo c i ty  becomes apparen t which means th a t  
th e  b a sa l p lane  te x tu re  i s  t i l t e d  a t  an angle  to  the  f r e e  su rfa c e .
2 .7 .3 . O ther a p p lic a t io n s .
The u lt r a s o n ic  goniom eter i s  very  v e r s a t i l e  and, indeed  th e  
e l a s t i c  p ro p e r tie s  o f  the  m a te r ia ls  a re  n o t th e  on ly  m e ta llu rg ic a l
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p ro p e r tie s  th a t  can p o ss ib ly  be examined u s in g  th i s  d ev ice . I t  may 
a lso  be used to  determ ine th e  su rfa ce  re s id u a l  s t r e s s ,  th e  m a te r ia l 
hardness as w ell as th e  depth  o f  th e  case  harden ing  in  th e  carbon 
s t e e l .
Many p ro cesses  in  m a te r ia l m anufacturing and f a b r ic a t io n  a re  
known to  cause in te rn a l  s t r e s s  p a tte rn s  known as r e s id u a l  s t r e s s  in  
the  m a te r ia l .  In  m a te r ia l p ro d u c tio n , th e  e f f o r t  i s  d ir e c te d  toward 
th e  p ro d u c tio n  o f m a te r ia ls  w ith  a  su rfa ce  f r e e  from te n s i le  re s id u a l  
s t r e s s  so th a t  th e  r i s k  o f  causing  the  component f a i lu r e  can be m ini­
m ised. However, th e re  a re  se v e ra l cases where th e  e x is ten c e  o f  su rfa c e  
re s id u a l  s t r e s s  i s  d e s ir a b le .  G lass f o r  example, i s  a  s o l id  which can 
have i t s  s tre n g th  in c re ase d  by se v e ra l o rd e rs  o f  magnitude through th e
in tro d u c tio n  o f  su rfa ce  com pressional s t r e s s e s  from therm al quenching 
180—132o r  io n  exchange. The most common method o f  m easuring r e s id u a l
s t r e s s  which has a  re lev an ce  to  en g in eerin g  i s  X-ray d i f f r a c t io n .  A
j  39d e ta i le d  d iscu ss io n  o f  th i s  techn ique can re a d i ly  be seen  e lsew here.
Based on th e  experim ental r e s u l t s  o f  th e  r e la t io n s h ip
between th e  bulk re s id u a l  s t r e s s e s  and th e  v e lo c i ty  o f bu lk  waves, i t
seems th a t  fo r  en g in eerin g  m etals a  su rfa ce  re s id u a l  s t r e s s  d e te c tio n
-3device has to  measure v e lo c i ty  to  an accuracy o f  10 % to  be a b le  to
-2  183-185d e te c t  a  change i n  s t r e s s  o f  1 .0 to n in  • j)e sp ite  th e  f a c t  th a t  •
th e  p re c is io n  o f  v e lo c i ty  measurement by the  r e f l e c t i v i t y  method i s
too sm all fo r  h igh  accuracy s t r e s s  measurement, s e v e ra l a ttem p ts  have
been made to  exp lore  th e  p o s s ib i l i ty  o f  u s in g  th i s  techn ique f o r  s t r e s s
d e t e c t io n .^ ^ , ^ ^ , ^ ^  In  1968, B r a a f ie ld ,^ ^  conducted a  s e r ie s  o f
t e s t s  to  e s ta b l is h  the  c o r re la t io n  between th e  magnitude o f  s t r e s s
developed du rin g  the  p roduction  o f  toughened g la s s  and a  SAW v e lo c i ty
measured u s in g  an u l t r a s o n ic  goniom eter. A c o r re la t io n  o b ta in ed  su g g es ts
120th a t ,  th a  SAW may be used fo r  s t r e s s  in d ic a t io n .  L a te r  i n  1970, C u r t is ,
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conducted a  s im ila r  t e s t  on copper, aluminium, and m ild s t e e l  specim ens. 
He observed th a t  in  the  copper specimen, th e  SAW v e lo c i ty  v a r ie s  l in e a r ­
ly  -with the  s t r e s s  bu t w ith  a  degree o f v a r ia t io n  somewhat h ig h e r than 
th e o r e t ic a l ly  expected . For aluminium a llo y  and m ild s t e e l ,  s im ila r  
v a r ia t io n  was a lso  observed and th e  s e n s i t i v i t y  o f  the SAW v e lo c i ty  to  
s t r e s s  was very  much low er than  th a t  observed in  copper.
188More re c e n t ly ,  an a ttem p t has been made by A dler e t  a l ,  to  
use  th e  SAW v e lo c i ty  measurement to  e s tim a te  th e  re s id u a l  s t r e s s  d i s t r i ­
b u tio n  n ea r a  p ip e - g i r th  weld i n  la rg e  d iam eter th in -w a ll type 316H 
s ta in le s s  s t e e l  p ip e . The re s id u a l  s t r e s s  d is t r ib u t io n  i s  f i r s t  e s t i ­
mated independen tly  from S h e ll th eo ry  f o r  an e l a s t i c ,  i n f i n i t e ,  th in
188s h e l l  w ith  c irc u m fe re n tia l l i n e  lo ad in g . I t  i s  shown th a t  th e  p a t te r n  
o f  SAW v e lo c i ty  v a r ia t io n  matches th e  th e o re t ic a l  r e s id u a l  s t r e s s  
p a t te rn  very  c lo se ly . This r e s u l t  suggests  th a t  i t  i s  p o s s ib le  to  u se  
SAW measurement to  c h a ra c te r is e  re s id u a l  s t r e s s  p a t te rn  n e a r c r i t i c a l  
welds in  p ip in g .
The m ajor o b s tru c tio n  encountered in  u s in g  th e  SAW measure­
ment f o r  s t r e s s  d e te c tio n  l i e s  on th e  f a c t  th a t  i t  i s  alm ost im p ossib le  
to  p rep are  a  s u i ta b le  specimen fo r  such purpose. The change o f  SAW 
v e lo c i ty  observed in  th e  m a te r ia l i s  a t t r ib u ta b le  to  s t r e s s  o n ly  i f  
the  p rocess  which g en era te s  the  s t r e s s  does n o t change th e  o th e r  
param eters such as g ra in  s t r u c tu r e ,  g ra in  o r ie n ta t io n  e tc .  There a re  
u n fo r tu n a te ly  very  few m anufacturing  p rocesses which in tro d u ce  s t r e s s e s  
w ithou t changing the  m ic ro s tru c tu re .
Hardness i s  q u a n t i ta t iv e ly  expressed  as th e  s t r e s s  a  su rfa c e  
can w ith stand  b efo re  p la s t i c  deform ation tak es  p la c e . Hardness i s  
u su a lly  determ ined a r b i t r a r i l y  by th e  r e s is ta n c e  o f th e  m a te r ia l su rfa c e  
to  id e n ta t io n .  C onventionally , i t  i s  c a lc u la te d  by lo ad in g  a  b a l l  o r  
cone by a  known fo rce  on the  m a te r ia l su rfa ce  and measured th e  r e s u l t in g  
id e n ta t io n . S ince hardness i s  c o r re la te d  d i r e c t ly  w ith  p l a s t i c  deforraa-
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t io n  and p o s t y ie ld in g , i t s  d e te rm in a tio n  in  NDT re q u ire s  an  observab le
param eter which r e la te s  to  th ese  p ro cesses  and consequently  th e  m icro-
s t ru c tu re  o f  th e  m a te ria l concerned. So fa x , no sy stem atic  exam ination
has been made to  show th e  v a r ia t io n  o f  the  SAW v e lo c i ty  w ith  hardness
f o r  a  range o f  m a te r ia ls  and m a te r ia l co n d itio n s . Some r e s u l t s  do
however e x i s t  f o r  a  few m a te r ia ls  as re p o rte d  elsew here
The measurement o f  SAW v e lo c i ty  in  a  number o f  hardened EN9
s te e l  d is c s  w ith  hardness ran g in g  from 620 to  840 VPN has been conducted 
190by C u r tis , '  He showed th a t  fo r  th ese  m a te r ia ls  th e  SAW v e lo c i ty  and 
hence th e  Young's modulus decreases w ith  in c re a s in g  h a rd n ess . This 
r e s u l t  ap p aren tly  ag rees w ith  th e  th e o re t ic a l  p ro p o s itio n  g iven  by o th e r  
workers i n  which the  hardness i s  r e la te d  w ith  Young's modulus as 
fo llo w s ;191
—2 —2 0,75Hardness (h ) dyne cm m Young's modulus (Y,dyne cm ) '
where H i s  th e  hardness o f  th e  m a te r ia l and Y i s  th e  Young's modulus.
However, i n  some o th e r  s t e e l s ,  i . e ,  1 8 /4 /2  to o l s te e l s  and EN3 s t e e l s ,
the  s e n s i t i v i t y  o f th e  SAW v e lo c i ty  w ith  hardness i s  ex trem ely  low
such th a t  i t  cannot be determ ined to  any th ing  b e t te r  than  ^lOOVPN.
The c o r re la t io n  between th e  hardness and th e  SAW v e lo c i ty  i n  516
174
s ta in le s s  s te e l s  has a lso  been re p o rte d  e lsew here.
The l im ite d  depth  o f  p e n e tra tio n  o f  a  SAW g iv es  th e  wave 
i t s  p o te n t ia l  as a  probe to  exp lo re  th e  n ea r su rfa ce  m echanical p ro p er­
t i e s  o f  a  su rfa c e . Consider the  case when a  c o a tin g  o r  p la t in g  o f  some 
types i s  ap p lied  to  th e  s o l id  s u rfa c e . I f  th e  wavelength i s  l e s s  than  
th e  p la t in g  th ic k n e ss , a  SAW measurement g iv es  the  SAW v e lo c i ty  o f  the  
p la t in g  m a te ria l a lo n e . For wavelengths much g re a te r  than  th e  p la t in g ,  
the  p ro p e r tie s  o f  the  s u b s tr a te  dominate the  wave v e lo c i ty .  For i n t e r ­
m ediate w avelengths, th e  p ro p e r tie s  o f both  m a te r ia ls  determ ined th e  
measured SAW v e lo c i ty .192 The c o r re la t io n  between the  SAW v e lo c i ty  and
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the  r a t i o  o f  p la t in g  th ic k n e ss , to  wavelengths has re c e n t ly  been
p resen ted  f o r  a  number o f  m a te r ia ls  namely copper, s t e e l ,  and s ta in le s s  
193s t e e l ,  ^ I t  i s  shown th a t  the  SAW v e lo c ity  in  th ese  m a te r ia ls  n o t 
only  dependent upon th e  r a t i o  o f  th e  p la t in g  th ick n ess  to  the  wave­
le n g th  b u t a lso  determ ined by th e  d if fe re n c e s  in  a co u s tic  p ro p e r t ie s  
between bo th  m a te r ia ls .
Case hardening  in  s t e e l  can be caused by sev e ra l p ro cesses
in c lu d in g  c a rb u r is in g , n i t r id in g  and quenching. A ll th e se  p ro cesses
194 ^  ,produce a  su rfa ce  la y e r  o f  .c o n tro lle d  p ro p e r tie s  and dep th . ( /
Oxygen d if fu s io n  a t  e lev a te d  tem peratu res produces a  h a rd  and b r i t t l e  
su rfa ce  la y e r  which may vary  from th e  su rfa ce  inw ard. The d e te c tio n  
o f  th e  in te r f a c e  p o s i t io n  o f  a  case  hardened s t e e l  component by SAW
technique has been th e  s u b je c t o f  the  in v e s t ig a t io n  by v a rio u s  a u th o rs .
154-157 190Weston-Bartholomew, and C u r t is ,  used  th i s  technique to
in v e s t ig a te  su rfa ce  hardened s t e e l  specimens by vary in g  th e  frequency
195so a s  to  probe the  case  dep th . T ittm an and Thompson, have re p o r te d
r e s u l t s  on th e  measurements o f  th e  p h y s ica l p ro p e rty  g ra d ie n ts  (from
th e  su rfa ce  o f  th e  m a te r ia l inward) u s in g  s im ila r  tech n iq u e. They have
a lso  been ab le  to  p r o f i l e  the  hardness v a r ia t io n  i n  in d u c tio n  hardened
193s te e l s  by v ary in g  th e  SAW frequency . More r e c e n t ly ,  M artin  e t  a l ,  
have in v e s t ig a te d  the  e f f e c t  o f  hardness caused by c a rb u r is in g , 
quenching and n i t r id in g .  They observed th a t  in  the  f i r s t  two c a se s , 
the  SAW v e lo c i ty  d ecreases w ith  in c re a s in g  h a rd n ess . However, th e  
analogous s i tu a t io n  fo r  hardness caused by n i t r id in g  i s  re v e rse d , i . e .  
as th e  average hardness perw avelength in c re a s e s ,s o  does th e  SAW v e lo ­
c i ty .  The reason  f o r  th i s  d if fe re n c e  in  behaviour i s  n o t y e t  known.
From th e  l i t e r a t u r e  p resen ted  in  th i s  ch ap te r , i t  i s  ev id en t 
th a t  the u l t r a s o n ic  r e f l e c t i v i t y  o f  a  s o l id / l iq u id  in te r f a c e  e s p e c ia l ly  
n ear o r a t  the  angle  th a t  corresponds to  th e  SAW g e n e ra tio n  i s  a
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s e n s i t iv e  in d ic a to r  f o r  th e  p h y s ica l p ro p e r tie s  o f th e  m a te r ia l su rfa c e . 
The in strum en t invo lved  fo r  th is  measurement i s  sim ple to  u se , does n o t 
re q u ire  m echanical c o n ta c t w ith  the  m a te ria l under in v e s t ig a t io n  and i s  
adap tab le  to  ra p id  scanning  f o r  on l in e  in sp e c tio n  during  m anufacture.
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5- DESCRIPTION OF TEE APPARATUS.
5*1. The u l t r a s o n ic  goniom eter.
The u l t r a s o n ic  goniom eter used throughout the  experim ent was 
the  Harwell U ltra so n ic  Goniometer MK IY which was b u i l t  i n  1969 . The 
photograph o f  th i s  goniom eter i s  shown in  f i g .  9* To form th e  u l t r a ­
son ic  r e f l e c t i v i t y  p lo t  (a lso  c a l le d  th e  goniogram) a u to m a tic a lly , 
two u lt r a s o n ic  tran sd u ce rs  a re  re q u ire d  to  move in  an a rc  o f  a  c i r c l e  
whose c e n tre  i s  in  th e  su rfa ce  o f  th e  specimen under in v e s t ig a t io n .
The tran sd u ce rs  had to  be mechanised to  move i n  such a  way th a t  th e  
ang le  o f  in c id en ce  was re ta in e d  equal to  the  angle o f r e f l e c t i o n .  In  
th e  KK IV goniom eter, each tran sd u ce r was held  in  a  quick  f i t  s t a in le s s  
s t e e l  ad ap to r which i n  tu rn  lo c a te d  e x a c tly  i n  a  'V 1 groove i n  a  h o ld e r 
f ix e d  to  an a rc .  Each tran sd u ce r a rc  was d riv en  by a  s e p a ra te  s tep p in g  
motor c o n tro l u n i t  No. 2551• Thus, each probe could be d riv e n  in d iv i ­
d u a lly  fo r  i n i t i a l  a lig n in g  o f  th e  tra n sd u c e r , o r  to g e th e r f o r  respon­
d ing  to  th e  same c o n tro l stim ulus a s  in  normal runn ing .
To ensure th a t  the  p lane  o f  th e  goniom eter, i . e .  th e  p lan e  
which in c lu d es  the  tran sd u ce r axes and th a t  90°  to  i t  a re  b o th  perpen­
d ic u la r ,  azim uthal t i l t  c o n tro l knobs a re  provided  a t  th e  top o f  th e  
goniom eter as  in d ic a te d  in  f i g .  9* The azim uthal t i l t  c o n tro ls  
to g e th e r w ith  the  ad justm ent o f  th e  h e ig h t o f th e  goniom eter head may 
be used to  focus the  sound beam so th a t  the  r e f le c t io n  system  shown in  
f i g .  4  (p le a se  tu rn  to  page 53 ) can be ach ieved . C on stru ctio n  o f th e  
r e f l e c t i v i t y  p lo t  was made upon a  Honeywell C hart Recorder o f  th e  
type 1387A. This re c o rd e r i s  d riv en  by a  s tep p in g  motor o f  th e  same 
type as th a t  c o n tro l l in g  th e  tran sd u ce r movement. As the  tra n sd u ce rs  
move from sm all ang les o f  in c id en ce  to  la rg e  a n g les , th e  c h a r t  paper 
moves sim ultaneously  rec o rd in g  th e  r e f le c te d  p u lse  am plitude .
I t  has been mentioned e a r l i e r  th a t  i n  th e  fo rm ation  o f  a
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Fig-9- An ultrasonic goniometer shown with 
an associated constant temperature water
bath-
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su rface  wave by t a i s  techn ique, i t  i s  im portan t to  c o n tro l the  tempera­
tu re  o f  th e  w ater couplan t in  o rd er to  p reserv e  th e  m easuring accuracy 
o f  ^ 0 ,1 ^ . To ensure t h i s ,  th e  c o n stan t tem perature ba th  (G rant SB35X) 
which i s  equipped w ith  a  th e rm o sta t c o n tro l u n i t  i s  av a ilab le*  This 
u n i t  i s  capable o f  m ain ta in in g  the  l iq u id  couplan t tem perature to  
w ith in  0
3*2. General procedure f o r  o b ta in in g  th e  u l t r a s o n ic  r e f l e c t i v i t y  
p lo t  (goniogram ).
To o b ta in  a  r e f l e c t i v i t y  p lo t ,  i*e* a  curve o f  r e f le c te d
p u lse  am plitude v ersus angle  o f  in c id e n ce , a  c lean  specimen which i s
f r e e  from any g reasy  substances i s  p laced  on th e  specimen ta b le  in
th e  w ater tank . The tank  i s  then  f i l l e d  w ith  d i s t i l l e d  w ater to  a
s u i ta b le  h e ig h t. By means o f  th e  th e rm o sta t c o n tro l u n i t ,  th e  w ater
i s  heated  and m ain tained  a t  tne  re q u ire d  tem peratu re . In  our e x p e r i-
om ents, th e  tem perature i s  k ep t c o n s ta n t a t  25 C« A p a i r  o f  a p p ro p ria te  
tran sd u ce rs  i s  then  f i t t e d  i n  t h e i r  h o ld e rs  w ith  one o f  them connected 
to  th e  u l t r a s o n ic  d r iv e r  (ty p e  0153) and th e  o th e r  to  th e  a m p lif ie r  
(ty p e  0187) v ia  an a t te n u a to r .  S ynchron isa tion  between th e  tra n sd u ce rs  
has f i r s t  to  be ensured . Using th e  a p p ro p ria te  FORWAED/EffiVERSE and 
STOP/START c o n tro l upon the  s tep p in g  motor c o n tro l le r  (Ho. 2551)» one 
probe i s  d riv en  alone u n t i l  i t  reaches the  d e s ire d  an g le . This probe i s  
then  d isconnected  and th e  o th e r  i s  reconnected . The procedure i s  
rep ea ted  f o r  the second probe u n t i l  i t  reaches e x ac tly  th e  same as th a t  
o f  the  f i r s t  one. Having being  synchronised , th e  tran sd u ce rs  a re  
immersed in  the  coupling  w ater u n t i l  the  w ater le v e l  covers th e  t r a n s ­
ducers to  a  depth  o f  approxim ately  1 .0  cm when they  a re  e v e n tu a lly  
d riv en  to  the  low est ang le  o f in c id en ce , e .g .  12°.
In  o rd e r to  reduce in te r fe re n c e  from the  r e f le c te d  p u lse s  
between the  tra n sd u ce rs , the  in s tru m e n ta tio n  i s  so designed th a t  a l l
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b u t the  specimen r e f le c te d  p u lse  i s  ga ted  o u t. In  th i s  c a se , a  double 
beam o sc illo sc o p e  i s  used so th a t  th e  r e f le c te d  p u lse  and the  g a tin g  
waveform can be shown a t  the  same tim e. The EXTERNAL TRIG IN so ck e t in  
the o sc illo sc o p e  i s  connected to  th e  TRIG OUT s ig n a l  from th e  0153 
tran sd u ce r d r iv e r  v ia  a  T -p iece . The g a te  o u t s ig n a l from the  p u lse  
h e ig h t re c o rd e r  i s  then  fed  to  one channel o f  th e  double beam o s c i l lo ­
scope. The r e f le c te d  p u lse  OUTPUT from the  a m p lif ie r  i s  taken  to  the  
second channel o f  th e  o sc il lo sc o p e .
Having undergone the  procedure s ta te d  above, i t  i s  now 
p o ss ib le  to  v is u a l is e  the  r e l a t iv e  p o s i t io n  o f  th e  g a ted  p u lse  and th e  
r e f le c te d  s ig n a l .  I f  the  r e f le c te d  s ig n a l i s  w ith in  the  g a ted  p u ls e , 
the  c h a r t  re c o rd e r  w il l  be seen  to  be a c t iv e .  A fte r  th i s  c o n d itio n  i s  
ach ieved , th e  pen i s  p o s itio n e d  about mid t r a v e l  by means o f  th e  a t t e ­
n u a to r . Then, th e  h e ig h t o f  th e  specimen r e l a t i v e  to  th e  p robes and th e  
DELAY c o n tro l upon the  p u lse  h e ig h t re c o rd e r  i s  a d ju s ted  to  o b ta in  
g r e a te s t  r e f le c t io n .  The probe speed c o n tr o l le r  i s  l a t e r  s e t  a t  an 
ap p ro p ria te  speed and th e  probes a re  allow ed to  move a p a r t  synchro­
nously  to  an ang le  o f  about 45° to  50°. At th e  same tim e, th e  r e f le c te d  
s ig n a l am plitude i s  reco rd ed . An example o f  the  r e f l e c t i v i t y  p lo t
120ob ta ined  from a  w a te r / f e r r i t i c  s t e e l  in te r f a c e  was shown in  f i g .  5*
5.5* The X-ray goniom eter.
X-ray goniom eter i s  a  dev ice  th a t  has been developed f o r  th e  
d e term in a tio n  o f p o le  f ig u r e s .  The g en era l fe a tu re  o f th i s  dev ice  has 
been d iscu ssed  in  many te x t s .  9 B a s ic a lly , th e re  a re  two d i f f e r e n t  
methods which may be used  to  o b ta in  p o le  f ig u r e s ,  namely th e  tra n sm iss io n  
and th e  r e f le c t io n  methods. Due to  th e  b u lk in ess  o f th e  specimen we 
a re  d e a lin g  w ith , a l l  p o le  f ig u re s  i n  th i s  experim ent a re  o b ta in ed  
u s in g  th e  r e f le c t io n  method. The experim ents were perform ed bo th  at. the  
U n iv e rs ity  o f  Surrey and a t  the  UKAEA H arw ell. For reasons o f  commercial
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p ro p r ie ty , the  X-ray goniom eter used  a t  the  UKAEA Harwell w il l  n o t 
be d esc rib ed .
G enera lly , the  r e f le c t io n  method re q u ire s  a  s p e c ia l  h o ld e r 
which a llow s r o ta t io n s  o f the  specimen in  i t s  own p lane  about an ax is  
normal to  i t s  su rfa ce  and about a  h o r iz o n ta l a x is .  F ig . 10 shows a 
specimen h o ld e r o f  the  X -ray goniom eter used in  the  U n iv e rs ity  o f  
S urrey . With th i s  f a c i l i t y ,  th e  incom ing X -ray w ill  be a b le  to  p e n e tra te  
the  specimen from v a rio u s  o r ie n ta t io n s .  At each o r ie n ta t io n ,  the 
in te n s i ty  o f th e  r e f le c te d  beam i s  a u to m a tica lly  recorded  on th e  c h a r t  
re c o rd e r  a tta c h e d  to  th e  goniom eter.
3 .4 . General procedure fo r  o b ta in in g  (200) po le  f ig u r e s .
The X-ray goniom eter i s  re q u ire d  to  y ie ld  (200) po le  f ig u re s  
o f  samples o f ;  an a u s te n i t ic  s t e e l  c a s t ,  a  weld and c lad d in g . For t h i s ,4
the  co u n ter o f  the  goniom eter i s  f ix e d  in  the  p o s i t io n  a t  th e  c o r re c t
angle where the  (200) p o le  r e f le c t io n s  may be re c e iv e d . The specimen
used in  th i s  experim ent i s  h eav ily  etched  to  ensure th a t  th e re  a re  no
re s id u a l  s t r e s s e s  rem aining on the  su rfa ce  as a  r e s u l t  o f  c u t t in g  and
p o lish in g . The specimen i s  then  p laced  in  a  h o ld e r and p o s itio n e d  w ith
th e  re q u ire q  ax is  ly in g  on th e  so u rce -co u n te r p lane  and th e  goniom eter
i s  sw itched o n .  a s  the  specimen r o t a t e s ,  th e  X -ray in te n s i ty  am plitude
r e f le c te d  by th e  specimen a t  every o r ie n ta t io n  i s  recorded  on the
c h a r t  re c o rd e r whose movement has been synchronised w ith  the  r o ta t io n
o f  th e  specimen. In  our experiment, the  X -ray beam i s  o b ta in ed  from th e
c o b a lt ( K ) source and the  time taken  to  o b ta in  a  com plete d a ta  s e t
needed f o r  th e  c o n s tru c tio n  o f  a  p o le  f ig u re  i s  about 2j$ hou rs . By
s e le c t in g  a  s u i ta b le  in te n s i ty  le v e l  on the  recorded  (200) r e f le c te d
po le  i n t e n s i t i e s ,  a  po le  f ig u re  i s  p lo t te d  m anually on th e  ‘s p i r a l
ote x tu re  paper* type PW 1080 /01 -p itch  5 •
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4. EXPERIMENT PROCEDURE.
4 .1 . In tro d u c tio n .
This s e c tio n  in c o rp o ra te s  the experim ental procedure 
invo lved  in  the work on v a rio u s  types o f a u s te n i t ic  s ta in le s s  s t e e l s .  
B a s ic a lly , th e re  a re  th re e  d i f f e r e n t  types o f  a u s te n i t ic  s te e l s  used 
throughout the  experim ent. These a re  a u s te n i t ic  s ta in le s s  s t e e l s  in  
th e  form o f a  c a s t ,  a  weld, and in te r n a l  c lad d in g  ap p lied  to  a  
r e a c to r  p re ssu re  v e s s e l .  The an iso tro p y  o f  the  a u s te n i t ic  s t e e l  
c a s t  w il l  be f i r s t  examined and follow ed by the exam ination o f  the  
p ro p ag a tio n a l behaviour o f a  SAW in  th i s  m a te r ia l .  F in a l ly ,  th e  
g ra in  o r ie n ta t io n  in  the  samples o f a u s te n i t ic  s t e e l  c a s t ,  weld and 
c ladd ing  w i l l  be determ ined bo th  m e ta llo g ra p h ica lly  and by u s in g  
the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  measurement.
4 .2 . Experim ental procedure f o r  th e  a u s te n i t ic  s t e e l  c a s t .
4 .2 .1 .  In tro d u c tio n .
The a u s te n i t ic  s ta in le s s  s t e e l  in g o t 125 X $6 X $6 mra^  was 
used fo r  the  in v e s t ig a t io n .  This was u n id ir e c t io n a lly  s o l id i f i e d  to  
g ive  reasonab ly  p a r a l le l  columnar g ra in s  o f  s u f f ic ie n t  s iz e  f o r  t e s t in g .  
The main chemical com position o f th i s  in g o t i s  g iven  in  ta b le  2 .
Element Cr ril Mo Si c
C ontent, w t.^ 18.2 9 .94 0.07 0 .6 4 0.052
Table 2. Chemical com position o f the  a u s te n i t ic  
s ta in le s s  s t e e l  in g o t.
This m a te ria l was su p p lied  by th e  M etallurgy Department 
U n iv e rs ity  o f S h e ff ie ld .
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4 .2 .2 . E stab lishm ent o f  th e  th e o re t ic a l  model.
a ) .  Macros tru e  tu r a l  exam ination.
In  th i s  s e c t io n , the  m acro stru ctu re  o f the a u s te n i t ic  s t e e l  
in g o t i s  examined. To re v e a l the  columnar g ra in  s t r u c tu r e ,  the  as 
re c e iv e d  c a s t  was re p o lish e d , degreased in  ace tone , r in s e d  in  
m ethanol, d rie d  and etched in  a  co n cen tra ted  v e rs io n  o f  a c id  f e r r i c  
c h lo r id e . The d e t a i l . o f the  e tch a n t s u i ta b le  f o r  th i s  purpose i s  
shown in  ta b le  3.
340gm. FeCl^ 6h20
126ml. HC1
42ml. HN05
252ml. H20
Table 3 . M acroetchants f o r  th e  a u s te n i t ic  
s t e e l  in g o t .
The e tch a n t was ap p lied  by swabbing th e  su rfa ce  o f  th e  m a te r ia l and 
re p ea ted  a p p lic a tio n s  were found to  be n ecessa ry .
b ) .  X-ray pole f ig u re  measurement.
To o b ta in  po le  f ig u re s  o f  the  c a s t  a u s te n i t ic  s t e e l ,  th re e
3
specimens having an id e n t ic a l  s iz e  o f 20 X 20 X 20mm were c u t from 
the  s e le c te d  reg io n s  o f the  m a te r ia l .  Each specimen re p re se n te d  one 
plane o f the  m a te r ia l so th a t  th e  po le  f ig u re s  o f each p la n e , i . e .  XZ-, 
YZ-, and XY-planes, were o b ta in ed . (For the  co o rd in a te  system  o f  th i s  
m a te r ia l , r e f e r  to  f i g .  1 6 ). A ll the  specimens were immersed in  e tc h a n t 
shown in  ta b le  2 f o r  a  p e rio d  o f  about 10 m in s ., to  remove any s t r e s s  
rem aining on the  m a te r ia l su rfa c e . The r e la t iv e  i n t e n s i t i e s  o f  the  
X-ray Bragg peaks fo r  the  (200) c ry s ta llo g ra p h ic  p lanes o f  each 
specimen were measured and the  po le  f ig u re s  were p lo t te d  in  a  manner 
d esc rib ed  in  S ections (3*3) and ( 5. 4 ) .
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c ) .  E la s t ic  c o n s ta n t measurement.
Through the d e r iv a tio n  in  S ections (2 .2 )  and ( 2 .3 ) ,  i t  has 
been shown th a t  i t  i s  always p o ss ib le  to  c a lc u la te  a  m a te r ia l 's  
e l a s t i c  co n s tan ts  from a  number o f  u l t r a s o n ic  measurements, o r  
knowing th e  e l a s t i c  co n stan ts  to  determ ine the  v e lo c ity  o f u l t r a s o n ic  
wave p ropagation  through a m a te r ia l .  In  th i s  experim ent, the  e l a s t i c  
co n stan ts  o f  th e  a u s te n i t ic  s t e e l  in g o t were measured. On the  b a s is  
o f th e  o r ie n te d  g ra in  s t r u c tu r e ,  we propose th a t  the  s t r u c tu r e  o f  th is  
m a te r ia l p o ssesses  a  sp e c ia l  o rth o  tro p ic  symmetry. In  th i s  type  o f  
m a te r ia l ,  th e re  a re  f iv e  independent e l a s t i c  co n stan ts  namely C^x=^22*
C33' ^ 13^ 23* C12* 3X1(1 c66*^(cl l" G12^#
Whenever p o s s ib le , the  v e lo c ity  measurement was made on th e
as re ce iv ed  m a te r ia l .  This measurement y ie ld e d  se v e ra l e l a s t i c  c o n s ta n ts . 
However, to  o b ta in  th e  'o ff-d iag o n a l*  e l a s t i c  c o n s ta n ts , th e  v e lo c i ty  
measurement needed to  be made on a  b ia s  c u t specimen. For th i s  pu rpose , 
th e  a s  re c e iv e d  m a te ria l was c u t in  such a  way th a t  th e  columnar g ra in  
axes were t i l t e d  a t  an angle  o *45° toward the  X ( l) -a x is .  This specimen 
allow ed th e  v e lo c i ty  o f  a  lo n g itu d in a l wave (e£2 ■ c ^ )  to  be measured 
and consequently  C ^  could be c a lc u la te d . A s im ila r  specimen was used 
in  the  measurement o f  th e  tra n sv e rse  wave p ropagating  in  th e  3 -d ir e c t io n  
and p o la r is e d  in  th e  1 - o r  2 -d ire c tio n  ( c ^  s  c^2 ) by means o f  a  
..re f ra c tio n  tech n iq u e. The r e la t iv e  p o s i t io n  o f  the  g ra in  a x is  w ith  
reg a rd  to  the  specimen geometry i s  shown in  f i g .  l i  ( c ) .  For th e  
measurement o f a  tra n sv e rse  wave p ropaga ting  in  the  1 -d i r e c t io n  and 
p o la r is e d  in  the  2 -d ir e c t io n , an o th er specimen was c u t in  a  s im ila r  
fa sh io n  w ith  th a t  shown in  f i g .  l j ( c ) .  However, in  th i s  c a se , th e  
c u t was such th a t  the  g ra in  axes were no lo nger on, th e  p lane  o f  th e  
diagram , but p e rp en d icu la r to  i t .
In  th i s  experim ent, s in ce  th e re  were no tra n sv e rse  wave 
tran sd u ce rs  a v a ila b le ,  the  complete e l a s t i c  co n stan ts  were o b ta in ed
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by u s in g  th re e  d i f f e r e n t  tech n iq u es . These were the p u lse  echo te ch ­
n iq u e , the through tran sm issio n  technique and the r e f r a c t io n  techn ique.
i ) .  P u lse  echo tech n iq u e .
A s in g le  tran sd u ce r o f 10.0mm diam eter and capable  o f p ro ­
ducing sh o r t  p u lses  w ith  a  c e n tre  frequency  o f 2.5MEz was g rease  
coupled to  th e  c a s t  a u s te n i t ic  s t e e l  specimen as shown in  f i g .  11( a ) .
The tran sd u ce r was then  e x c ite d  to  produce an u l t r a s o n ic  p u lse  which 
re v e rb e ra te d  w ith in  the  sam ple. Each re v e rb e ra tio n  caused th e  t r a n s ­
ducer to  produce an e l e c t r i c  s ig n a l .  !Rie echo s ig n a l was then  am pli­
f ie d  and fe d  in to  th e  o sc il lo sc o p e . The u l t r a s o n ic  p u lse  t r a n s i t  tim e 
was measured as  the  average time se p a ra tio n  between th e  su ccess iv e  
echoes d isp lay ed  on the  o s c il lo sc o p e . The measurement was re p e a te d  
a t  v a rio u s  p o s it io n s  on th e  specimen and the  p u lse  t r a n s i t  tim es were 
averaged. Only c ^  and c ’^  were m easureable by th is  tech n iq u e . This 
i s  due to  th e  h igh  a tte n u a tio n  as w e ll as h igh  n o ise  le v e l  when measured 
from o th e r  d ir e c t io n s .
i i ) .  Through tran sm iss io n  tech n iq u e .
In  th i s  techn ique , two id e n t ic a l  2.5MHz. tra n sd u ce rs  were 
g rease  coupled on opposing s id e s  o f  th e  a u s te n i t ic  s t e e l  in g o t as 
shown i n  f i g .  1 1 (b ) . In  th i s  c a se , one o f  th e  tran sd u ce rs  a c te d  as 
as a  t r a n s m itte r  w hile the  o th e r  ac ted  as  re c e iv e r .  The p u lse  
em itted  t r a v e l le d  w ith in  the  m a te r ia l and was rece iv ed  a t  th e  o th e r  
end. The p u lses  were am p lified  and d isp lay ed  on the  o sc il lo sc o p e .
The t r a n s i t  tim e was measured d i r e c t ly  from the  scope. This 
p a r t i c u la r  technique y ie ld e d  c ^ ,  C2 2  c
i i i ) .  R e frac tio n  tech n iq u e .
The block diagram o f th i s  technique i s  shown in  f i g .  l l ( c ) .
3y means o f  the  u l t r a s o n ic  goniom eter, a  2.5MHz. tra n sd u ce r was
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p o s itio n e d  in  such a  way th a t  when e n te r in g  th e  m a te r ia l , th e  r e f r a c te d  
wave was r e f r a c te d  a t  45°. With th e  tra n s m itte r  h e ld  a t  th i s  p o s i t io n ,  
th e  lo n g itu d in a l wave was em itted  and underwent mode conversion  a t  th e  
w a te r /a u s te n i t ic  s te e l  in te r f a c e  (p o in t A). The tra n sv e rse  wave 
t r a v e l le d  w ith in  the m a te r ia l to  the  p o in t B where i t  was r e f le c te d  
back to  the  p o in t A v ia  the  same p a th . Here, i t  underwent mode conver­
s io n  back to  the  lo n g itu d in a l wave and tr a v e l le d  to  th e  tra n sd u c e r .
The t r a n s i t  tim e from A *-B---- >*A taken  by th e  tra n sv e rse  wave in  th e
m a te r ia l was measured d i r e c t ly  from the  o sc il lo sc o p e . This measurement 
y ie ld e d  c ^  and. c ^ .  The s im ila r  measurement was perform ed on th e  
b ia s  cu t specimen whose g ra in  axes a re  p e rp en d icu la r to  th e  p lane  
o f  th e  diagram and th i s  y ie ld e d  Cg^*
Using th ese  techn iques to g e th e r w ith  th e  fo rm u la tio n  summa­
r i s e d  in  ta b le  1 , th e  complete s e t  o f e l a s t i c  co n stan ts  were o b ta in ed . 
The d e n s ity  o f  the  m a te r ia l was measured by th e  immersion tech n iq u e .
d ) .  R otated  bulk  lo n g itu d in a l wave v e lo c i ty  measurement.
To perform  a  ro ta te d  lo n g itu d in a l wave v e lo c i ty  measure­
ment, specimens were prepared  in  a  manner shown in  f i g .  12. S evera l 
specimens were e x tra c te d  from the  o r ig in a l  s t e e l  block and c u t in  
such a  way th a t  the  columnar g ra in  axes made an angle oc to  th e  Z (3 )- 
a x is .  Because o f th e  l im ite d  a v a i l a b i l i t y  o f th e  m a te r ia l ,  th e  an g les  
o f  c u t (o e) were chosen from 0° to  90° w ith  15° in te r v a l ,  i . e .  0°»
15°, 30°, 45°, 60°, 75° and 90°. A ll th e  specimens were ground, 
p o lish ed  and etched  so th a t  a  reasonab ly  f l a t  and even su rfa ce  was 
produce. A ll the  v e lo c i ty  measurements were made u sin g  th e  p u lse  
echo technique and a  2.5MHz. tran sd u ce r o f  10.0mm d iam eter. R e su lts  
o f th is  measurement a re  shown in  f i g .  18, to g e th e r w ith  th e  r e s u l t s  
c a lc u la te d  u s in g  the  value  o f e l a s t i c  co n stan ts  ob ta ined  from th e  
prev ious experim ent.
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4 .2 .3 . Surface a c o u s tic  wave p ropagation  in  an a u s te n i t i c .
■stainless s t e e l  in g o t .
a ) .  U ltra so n ic  r e f l e c t i v i t y  p lo ts  (goniogram s).
The u l t r a s o n ic  r e f l e c t i v i t y  behaviour a t  a  w a te r /a u s te n it ic  
s te e l  in te r f a c e  was p lo t te d  fo r  ang les o f  inc idence  from 10° to  50° 
u s in g  2.5MHz* tra n sd u c e rs . To examine th e  an iso tro p y  o f  th e  m a te r ia l ,  
the  u l t r a s o n ic  r e f l e c t i v i t y ,  ( i . e .  the  r e f le c te d  p u lse  am plitude 
versu s  the  ang le  o f in c id en ce ) was p lo t te d  a t  th re e  d i f f e r e n t  o r ie n ta ­
tio n s  w ith  re s p e c t to  the  observed g ra in  a x is ,  i . e . ,  l )  p a r a l l e l  to  
th e  g ra in  a x is ,  b) p e rp en d icu la r to  th e  g ra in  a x is  and 3) perpend i­
c u la r  to  the  s o l id i f i c a t io n  d i r e c t io n .  Typical r e s u l t s  o f  th i s  
experim ent a re  shown in  f i g .  20. For th e  sake o f  com parison, th e  
u l t r a s o n ic  r e f l e c t i v i t y  a t  a  w a te r / f e r r i t i c  s t e e l  in te r f a c e  was a lso  
measured and th e  r e s u l t  i s  superimposed in  f i g .  20.
b) R o ta ted  SAW c r i t i c a l  a n g le /v e lo c ity  measurement.
As was e s ta b lish e d  in  S ec tio n  ( 2 .6 ) ,  the  ex is ten c e  o f  a  
pronouncedminimum r e f le c t io n  am plitude in  the  r e f l e c t i v i t y  p lo t  
in d ic a te s  th a t  the  SAW i s  being  genera ted  on th e  m a te r ia l s u r fa c e .
In  th i s  experim ent, the  s h i f t  o f  th i s  minimum w ith  re s p e c t  to  th e  
angle  o f  r o ta t io n  o f th e  p lane  c o n ta in in g  the  tran sd u ce rs  from th e  
d ire c t io n  o f the  g ra in  alignm ent was examined on th re e  o rthogonal 
p lanes o f an a u s te n i t ic  s t e e l  in g o t ,  i . e .  XZ-, YZ- and X T-planes.
(See f i g .  1 6 ). For measurements on th e  XZ- and Y Z-planes, th e  t r a n s ­
ducers were i n i t i a l l y  o r ie n te d  p a r a l l e l  to  th e  d i r e c t io n  o f th e  g ra in  
ax is  (Z -a x is ) , and then  ro ta te d  through 180° in  an an tic lo ck w ise  
d ire c t io n  a t  10° in te r v a l s .  At each o r ie n ta t io n ,  the  p o s i t io n  o f  the  
minimum r e f le c te d  p u lse  am plitude was read  d i r e c t ly  from th e  v e rn ie r  
s c a le  a tta ch e d  on the  goniom eter head. F in a l ly , a  curve o f SAW 
c r i t i c a l  a n g le /v e lo c ity  versus angle o f r o ta t io n  was p lo t te d .
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A s im ila r  measurement was then  re p ea ted  on the  XT-plane w ith  the  tr a n s ­
ducers i n i t i a l l y  a lig n ed  p a r a l le l  to  th e  Y -axis o f the  specim en.
On each p lane  o f th e  m a te r ia l ,  ro ta te d  SAW c r i t i c a l  a n g le s /  
v e lo c i t ie s  were measured a t  15 to  20 p o s itio n s  so th a t  th e  rep ro d u c i­
b i l i t y  o f  the  r e s u l t  could be a sse ssed . Using bulk  e l a s t i c  c o n s ta n ts  
ob ta ined  from th e  experim ent desc rib ed  in  S ec tion  ( 4 .2 .2 .c ) ,  and 
computer programmes shown in  Appendices 2 (a ) and 2 (b ) , th e  th e o r e t ic a l  
ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  o f  th e  a u s te n i t ic  s t e e l  in g o t was 
c a lc u la te d . The th e o re t ic a l  curve was superimposed on th e  e x p e ri­
m en ta lly  determ ined curve as shown in  f i g s .  2 l ( a ) - ( c ) .  A ll measu­
rem ents were c a r r ie d  o u t u s in g  a  p a i r  o f  2.5MHz tran sd u ce rs  o f  10.0mm 
d iam eter.
c ) .  R ota ted  SAW r e f l e c t i v i t y  f a c to r  measurement.
The SAW r e f l e c t i v i t y  f a c to r  i s  de fin ed  as a  r a t i o  between
the  r e f le c te d  s ig n a l am plitude a t  th e  SAW c r i t i c a l  ang le  and th e
r e f le c te d  s ig n a l am plitude when th e  in c id e n t beam undergoes t o t a l
o
in te r n a l  r e f le c t io n ,  i . e .  beyond th e  ang le  o f  in c id en ce  o f  50 . In  
th i s  experim ent, the  ro ta te d  SAW r e f l e c t i v i t y  fa c to r s  were measured 
on the  XZ- and YZ-planes o f the  a u s te n i t ic  s t e e l  in g o t and th e  r e s u l t s  
a re  shown in  f i g .  23. L a te r , the  p a r t i c l e  d isp lacem ent e l l ip s e  eccen­
t r i c i t y  (PDEE) were computed fo r  the  ang le  o f r o ta t io n  from 0° to  
90° and the  r e s u l t s  a re  shown in  f i g .  23. In  th i s  c a se , the  p a r t i c l e  
d isplacem ent e l l ip s e  e c c e n tr ic i ty  i s  d e fin ed  as the  v e c to r  sum o f  the  
components o f th e  m ajor and minor axes o f  the  p a r t i c l e  d isp lacem ent 
e l l ip s e  p e rp en d icu la r to  the s o l id  d iv id ed  by the  v e c to r  sum o f  th e  
components o f the  major and minor axes o f th e  p a r t i c l e  d isp lacem ent 
e l l ip s e  p a r a l le l  to  the  s o l id  su rfa c e .
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4*2.4* D eterm ination o f  the  g ra in  o r ie n ta t io n  in  a u s te n i t ic  
s t e e l  c a s t  samples u s in g  the  ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  d a ta .
a ) . R otated  SAW c r i t i c a l  a n g le /v e lo c ity  measurement on 
2 -d im ensionally  b ia s  c u t specim ens.
The ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  was measured on the  
specimens th a t  were used in  the  experim ent desc rib ed  in  S ec tio n  ( 4 .2 .2 .d ) .  
The co o rd in a te  system o f  th e se  specimens i s  i l l u s t r a t e d  in  f i g .  12.
For each specimen, th e  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  measurement 
was made w ith  th e  p lane  co n ta in in g  the  tran sd u ce rs  i n i t i a l l y  a lig n e d  
p a r a l l e l  to  th e  Z '- a x i s .  The r e s u l t s  o f  the  measurement made on th e  
specimens w ith  oc = 0 ° ,  15°» 50°, 45°> 60°, 75°, and 90° a re  shown in  
f i g s .  25( a ) - ( b ) . From th ese  cu rv es, th e  SA W -critical angle, a t.-0 - A O ,
( i . e .  p a r a l l e l  to  th e  Z * -ax is) and 0 = 90°, ( i . e .  p e rp en d icu la r to  th e  
Z *-ax is) a re  p lo t te d  as a  fu n c tio n  o f the  angle  o f c u t (o c ) . This 
c a l ib ra t io n  curve i s  shown in  f i g .  26. Then, a  more p re c is e  c a l ib r a t io n  
i s  formed u s in g  the  d if fe re n c e  in  SAW c r i t i c a l  ang le  f o r  th e  wave 
p ropagation  p a r a l le l  and p e rp en d icu la r to  th e  Z '- a x is  (/\>) as  a  param eter 
and p lo t t in g  i t  as a  fu n c tio n  o f the  ang le  o f cu t (o c ) . This curve i s  
shown in  f i g .  27*
b ) .  R otated  SAW c r i t i c a l  a n g le /v e lo c ity  measurement on 
5-dim ensionall.v b ia s  c u t specim ens.
In  p rev ious experim ents, th e  ro ta te d  SAW c r i t i c a l  a n g le /  
v e lo c i ty  on 2 -d im ensionally  b ia s  c u t specimens was-measured. However, 
th e  columnar g ra in s  w ith in  th e se  specimens do n o t re p re se n t the  
s i tu a t io n  in  th e  a u s te n i t ic  weld m etal and c ladd ing  where th e  g ra in s  
a re  t i l t e d  3 -d im ensionally , i . e .  th e  com bination o f t i l t  i n  th e  d i r e c t io n  
o f  adding su ccessiv e  weld runs w ith in  each weld la y e r  and in  th e  
di-recti on o f  w elding.
-9 6 -
Y<x
Direction of grain  
a l ignm ent
(ABCDEFGH) I A t w o - d i m e n s i o n a l l y  bias cut specimen  
removed from an au s ten i t ic  steel ingot.  
(ABGH) is an a c c e s s ib le  su r face  where  
the u l t ra son ic  gon iom etry  was carr ied  out.
(D'C'CDEFGH) ! A th re e -d im e n s io n a l ly  bias cut specimen  
obtained from a specimen (ABCDEFGH).  
(D'C'GH) is a new accessible surface where  
the ul trasonic goniometry was carr ied out.
. (©0 ’. Angle between the grain axis  and the  
(ABCD) surface .
(3 '. Angle between the (D'C'GH) surface and the
the (ABGH) surface .
FIG. 13. T HE POSITION OF A T H R E E - D I M E N S I 0 N A L L Y  
BIAS CUT SPECI MEN WI T H RESPECT TO T H E  O R I G I N A L  
BLOCK OF AN A U S T E N I T I C  STAI NLESS STEEL INGOT.
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For th is  experim ent, the  columnar g ra in s  in  the  a u s te n i t ic  
weld, were s im ula ted  by p rep a rin g  specimens w ith  s ev e ra l com binations 
o f  g ra in  t i l t s  i n  two m utually  p e rp en d icu la r d ir e c t io n s .  The specimen 
p re p a ra tio n  fo r  th is  experim ent i s  b e s t  understood by r e f e r r in g  to  
f i g .  13. A specimen w ith  a  tw o-dim ensional g ra in  t i l t  o f  oc , e .g .  
oc r  15°, and i n i t i a l  f r e e  su rfa ce  o f  ABGH was ground to  form a  new 
a c c e s s ib le  su rfa ce  C,2),GH which was t i l t e d  a t  an angle j3 from the  
i n i t i a l  su rfa c e . In  th is  experim ent, va lues o f ^  a re  chosen as 
ft = O°(unground), 20° and 30°. The ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  
measurement was then  perform ed on each specimen w ith  th e  p lane  
co n ta in in g  th e  tran sd u ce rs  i n i t i a l l y  o r ie n te d  p a r a l l e l  to  th e  Z '- a x is  
o f  th e  specimen. The procedure was then  re p ea ted  on o th e r  specimens 
where 0C * 30°, 45°, 60° and 75°. A ll th e  measurements were perform ed 
u s in g  a  p a i r  o f  2.5MHz. tran sd u ce rs  o f  10.0mm. d iam eter.
4.3 . Experim ental procedure f o r  th e  a u s te n i t ic  weld m e ta l.
4 .3 .1 . In tro d u c tio n .
In  th i s  experim ent, the  f e a s i b i l i t y  o f  the  ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  measurement in  determ ining  the  g ra in  o r ie n ta t io n  w ith in  
a  1 IT*-type a u s te n i t ic  s t e e l  weld was examined. The experim ent begins 
w ith  th e  m a ero stru c tu ra l exam ination o f  th e  weld. The g ra in  o r ie n ta t io n  
w ith in  the  weld was then  determ ined by the  conventional X-ray p o le  
f ig u re  tech n iq u e. By m easuring th e  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  
on th e  s im ila r  weld specimen, and w ith  the  a id  o f the  c a l ib r a t io n  curve 
derived  in  S ec tion  ( 4 . 2 .4 .a ) and shown in  f i g .  27, the  g ra in  o r ie n ta t io n  
was estim ated  and the  r e s u l t s  were compared w ith  th a t  ob ta in ed  by the  
X-ray po le  f ig u re  techn ique. For th i s  purpose, a  38 X 38 X 8mm^  weld 
coupon was removed from the o r ig in a l  weld block  as shown in  f i g .  14.
The weld coupon was then  d iv ided  in to  12 id e n t ic a l  a re as  and the  
g ra in  o r ie n ta t io n  in  each a re a  was determ ined v is u a l ly ,  by th e  p o le
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f ig u re  technique and. by the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  measure­
ment. The main chemical com position o f  the  weld used throughout the  
in v e s t ig a tio n  i s  shown in  ta b le  4 .
Element Cr Ni Mo Si C
C o n ten t,w t.^ 17 .8 9.57 2.04 0.44 0.06
Table 4 . Chemical com position o f  the a u s te n i t ic  
s ta in le s s  s t e e l  weld.
4 .3 .2 .  Texture a n a ly s is  i n  th e  a u s te n i t ic  s t e e l  w eld.
a ) .  Macros tru e  tu r a l  exam ination.
In  o rd e r to  v is u a l is e  the  columnar g ra in  s t r u c tu r e ,  th e  weld 
coupon was immersed in  th e  e tch a n t d e sc rib ed  in  S ec tion  ( 4 .2 .2 .a )  and 
shown in  ta b le  3 f o r  about 10 rains. The weld coupon was then  d r ie d ,  
and a> photograph o f  each p lane  was taken  fo r  v is u a l  exam ination . Prom 
th ese  photographs, the  average ang le  between the  columnar g ra in  axes 
and th e  p r in c ip a l  axes o f  the  specimen was measured u s in g  a  sim ple 
p ro t r a c to r .
b ) . X-ray po le  f ig u re  measurement.
In  th is  s e c tio n , the  g ra in  o r ie n ta t io n  in  th e  weld coupon was 
determ ined by th e  X-ray po le  f ig u re  techn ique. For th i s  pu rpose , th e  
weld coupon had to  be c u t in  sm all s iz e  so th a t  was ad ap tab le  to  th e  
X-ray goniom eter head. The weld coupon was c u t in to  12 sm all specim ens
3
having id e n t ic a l  s iz e  o f  about 10 X 10 X 8mm . These specimens were 
h e av ily  etched  to  remove any re s id u a l  su rfa c e  s t r e s s .  The (200) p o le  
f ig u re s  were then ob ta ined  from each p lane  o f  the  specim en. Prom th e se  
pole f ig u r e s ,  the  g ra in  o r ie n ta t io n  in  each specimen was determ ined . 
Typical r e s u l t s  ob ta ined  from specimens 2, 5> 8 , and, 10 a re  shown in
-9 9 -
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f i g s .  35 ( a ) - ( j ) .
c ) .  R otated  SAW c r i t i c a l  an g le /v e lo c it,y  measurement.
The ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  was measured on the  
specimen whose g ra in  o r ie n ta t io n  had been determ ined by the  X-ray po le  
f ig u re  techn ique. The r e s u l t s  o f the  measurements a re  shown in  
f i g s . 36 ( a ) - ( c ) .  From th e se  f ig u r e s ,  the  SAW c r i t i c a l  ang le  d if fe re n c e s  
( A )  were measured. With th e  a id  o f  a  c a l ib ra t io n  d eriv ed  from 2-dim en- 
s io n a l ly  b ia s  c u t specimens o f  a u s te n i t ic  s t e e l  c a s t  i n  S ec tio n  (4* 2 . 4* a ) ,  
the  g ra in  o r ie n ta t io n  w ith in  each specimen was e stim ated . The r e s u l t s  
o f  th i s  e s tim a tio n  a r e  ta b u la te d  to g e th e r w ith  those o b ta in ed  v is u a l ly  
and by the  X-ray po le  f ig u re  technique as shown in  ta b le s  9 ( a ) - ( c ) .
4.4* Experim ental procedure fo r  th e  a u s te n i t ic  s t e e l  c lad d in g .
4.4*1* Introduction.
To minimise problems o f  c o rro s iv e  a t ta c k  on th e  low a l lo y  
f e r r i t i c  s t e e l  p re s su re  v e s s e l , i t  i s  common p ra c t ic e  to  app ly  an 
in te r n a l  s ta in le s s  s t e e l  c ladd ing  to  th e  p re ssu re  v e s se l as a  weld 
dep o sited  o v e rla y . As a  r e s u l t  o f  the  weld d e p o s it io n , an in te r n a l  
s ta in le s s  s t e e l  c ladd ing  c o n s is ts  o f  a  columnar g ra in  s t r u c tu r e .  In  
th i s  experim ent, the  columnar g ra in  s t ru c tu re  w ith in  a  specimen 
e x tra c te d  from an a u s te n i t ic  s t e e l  c lad d in g  was in v e s t ig a te d . A new 
c a l ib r a t io n  curve was de riv ed  f o r  th e  frequency o f  10.0MHz. The che­
m ical com position o f  th is  specimen i s  shown in  ta b le  5 *
Element Cr Ni Mo Si C
C ontent, w t.^ 21.0 9*61 0.09 1.06 0.039
Table 5* Chemical com position o f th e  a u s te n i t i c  
s ta in le s s  s t e e l  c lad d in g .
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4*4*2. Texture a n a ly s is  in  the  a u s te n i t ic  s te e l  c lad d in g .
a) • Macros tru e  tu r a l  exam ination.
To re v e a l the  macros tru e  tu re  o f  th is  c lad d in g , the e x p e ri­
mental procedure d esc rib ed  in  S ec tion  ( 4 .2 .2 .a) was follow ed and the  
r e s u l t s  a re  shown in  f i g . 38.
b ) .  X-ray po le  f ig u re  measurement.
The X -ray p o le  f ig u re  measurement on th is  c lad d in g  was 
conducted a t  the  M etallurgy  D iv is io n , AEEE H arw ell. The specimen 
p re p a ra tio n  fo r  th i s  p a r t ic u la r  experim ent was i l l u s t r a t e d  in  f i g .  15* 
The specimen was c u t a lo n g  th e  broken l in e s  to  form 4 id e n t ic a l  p ie c e s . 
Three o f th ese  p ieces  were s tu ck  to g e th e r  to  form a  s in g le  specimen 
a s  shown in  f i g .  1 5 (b ). From th i s  specim en, the  X-ray p o le  f ig u re  
f o r  th e  XT-plane o f  th e  specimen was o b ta in ed . These p ie ce s  o f  
specimens were then  sep a ra ted  and th e i r  f e r r i t i c  la y e r  was ground 
away le av in g  on ly  an a u s te n i t ic  la y e r .  A ll 4 p iece s  were s tu ck  to g e th e r  
as shown i n  f i g .  15(c) and the  X-ray po le  f ig u re  fo r  th e  XZ-plane o f  
the specimen was o b ta ined  by fo llow ing  the  procedure o u tlin e d  in  
S ec tio n  (3*4).
c ) .  Frequency dependence o f  the  u l t r a s o n ic  r e f l e c t i v i t y .
In  th i s  s e c t io n , the  u l t r a s o n ic  r e f l e c t i v i t y  was in v e s t ig a te d  
a t  s ev e ra l freq u e n c ie s . The purpose o f  th i s  in v e s t ig a t io n  was to  
o b ta in  th e  optimum frequency where th e  SAW e f f e c t  could r e a d i ly  be 
observed in  alm ost any o r ie n ta t io n  r e l a t iv e  to  the  g ra in  a x is .  The 
freq u en c ies  involved  in  th i s  experim ent were 2.5MHz., 5.0MHz., 10.0MHz., 
and 20.0MHz., and the  r e s u l t s  a re  shown in  f i g s .  4 l ( a ) “ 4l(<l).
d ) .  R otated  SAW c r i t i c a l  a n g le /v e lo c ity  measurement.
The ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  was measured on th e  
XT- and XZ-planes o f the  a u s te n i t ic  c lad d in g  sam ple. On each p la n e , 
th e  measurements were made on sev e ra l p o s it io n s  to  ensure th e  r e p ro -
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d u c ib i l i ty  o f  th e  r e s u l t s .  Due to  the  l im ite d  s iz e  o f the  a u s te n ite  
la ^ e r ,  the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  on the YZ-plane was n o t 
measured. The r e s u l t s  o f  th e  experim ent conducted u s in g  p a ir s  o f 2.3MHz., 
and 1 0 .0MHz.. tran sd u ce rs  a re  g iven  in  f i g s .  42 (a ) -4 2 (b ) .
e ) .  C onstruction  o f a  c a l ib ra t io n  cu rve .
To c o n s tru c t a  c a l ib r a t io n  cu rve , a  s e t  o f ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  measurement was made on the  specimens which had been 
p repared  in  a  manner such th a t  the  average g ra in  a x is  was t i l t e d  a t  a
known ang le  (oc) r e l a t iv e  to  th e  f r e e  su rfa ce  o f  the  specimen ( r e f e r  to
f ig .  1 2 ). For th i s  purpose, the  specimen marked 5 i n . f i g .  15 (a) i s  
ha lved . On one h a l f ,  the  r o ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  was
measured on th e  XZ-plane. This specimen was then  ground u n t i l  th e
g ra in  a x is  making- an angle  <x ■ 10° to  th e  f r e e  su rfa ce  ( i . e .  XZ-plane) 
and th e  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  was measured. The 
specimen was fu r th e r  ground u n t i l  oc = 20°, 30°, 40° and 45°* At 
each angle o f  o c , th e  r o ta te d  SAW measurement was c a r r ie d  o u t. The 
o th e r  h a l f  o f  th e  specimen enabled us to  make a  s im ila r  measurement 
f o r  o* m 50°, 60°, 70°» 80° and 90°. From the  r e s u l t s  o f th ese  
measurements, a  c a l ib r a t io n  curve was then  p lo t te d  by fo llo w in g  th e  
experim ental procedure o u tlin e d  in  S ec tio n  (4*2 .4»a).
f ) .  L in ear and r e c t i l i n e a r  scanning  o f a u s te n i t ic  s t e e l  
c lad d in g  samples (CC1 and CC2) w ith  unknown g ra in  
o r ie n ta t io n .
In  th is  s e c t io n , the  v a r ia t io n  o f  the  g ra in  o r ie n ta t io n  i n  two 
samples o f a u s te n i t ic  s te e l  c ladd ing  was m onitored u s in g  th e  r o ta te d  
SAW c r i t i c a l  a n g le /v e lo c ity  d a ta  and the  c a l ib r a t io n  curve d e riv ed  in  
th e  p receed ing  s e c tio n . One o f th e  p iece s  was scanned l i n e a r ly  and th e  
o th e r  was scanned r e c t i l i n e a r ly  u s in g  a  p a i r  o f  10.0MHz. tra n sd u c e rs .
At each scanning p o in t ,  the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  was
-104-
measured and the  g ra in  o r ie n ta t io n  was e stim ated  w ith  the  a id  o f a  
c a l ib r a t io n  curve . The dim ensions and the  scanning p o in ts  o f both  
samples o f  c ladd ing  (CC1 and CC2) a re  shown in  f i g .  44 and 45 •
-105-
5 . EXPERIMENTAL RESULTS MD DISCUSSION.
5 .1 . In tro d u c tio n .
In  th is  S ec tio n , the  r e s u l t s  ob ta ined  f ro m th e  work on 
v a rio u s  types o f a u s te n i t ic  s ta in le s s  s te e l s  a re  p resen ted  and 
d iscu ssed  ex ten s iv e ly . B a s ic a lly  th i s  s e c tio n  i s  d iv ided  in to  th re e  
su b sec tio n s  in  which the  r e s u l t s  ob ta ined  from the  a u s te n i t ic  s t e e l  
c a s t ,  weld and c ladd ing  a re  p resen ted  and d iscu ssed  s e p a ra te ly . The 
r e s u l t s  o f experim ents c a r r ie d  o u t i n  an a u s te n i t ic  s t e e l  c a s t  a re  
f i r s t  p resen ted  and d iscu ssed . The d iscu ss io n  w il l  be co n cen tra ted  
on th e  e s tab lisn m en t o f  an a p p ro p ria te  model which re p re se n t th e  
g ra in  s t ru c tu re  i n  the  c a s t .  The estab lish m en t o f  th i s  th e o r e t ic a l  
model i s  based on r e s u l t s  o b ta ined  from v is u a l  exam ination, X -ray 
p o le  f ig u re  measurement and u l t r a s o n ic  v e lo c i ty  measurement perform ed 
in  th e  bulk  o f  th e  c a s t .  This i s  follow ed by the  p re s e n ta tio n  and 
d iscu ss io n  o f  r e s u l t s  ob ta ined  from su rfa ce  aco u s tic  wave (SAW) 
measurement made on th e  c a s t .  The use o f  th e  ro ta te d  SAW d a ta  in  
m onitoring  the  lo c a l  p re fe r re d  o r ie n ta t io n  in  2 - and 3-<iim ensionally 
b ia s  c u t specimens i s  l a t e r  dem onstrated.
In  the  second su b se c tio n , th e  r e s u l t s  o f  experim ents 
conducted in  an a u s te n i t ic  s t e e l  weld m etal w il l  be p re sen te d  and 
d iscu ssed . A c a l ib ra t io n  curve o f  SAW c r i t i c a l  ang le  d if fe re n c e s  
a g a in s t the angle  o f  g ra in  t i l t  which was ob ta ined  from the  a u s te n i t ic  
s t e e l  c a s t  i s  used to  e s tim ate  th e  s p a t i a l  g ra in  o r ie n ta t io n  w ith in  
th e  weld and the  r e s u l t s  a re  compared w ith  those  ob ta ined  from th e  
X-ray po le  f ig u re  measurement and v is u a l  exam ination. F in a l ly ,  th e  
r e s u l t s  o f experim ents perform ed on a  sample o f a u s te n i t ic  s t e e l  
c ladd ing  a re  d iscu ssed  and th e  c o n s tru c tio n  o f  a  c a l ib r a t io n  cu rve , 
o f SAW c r i t i c a l  angle  d iffe re n c e s  a g a in s t th e  angle  o f  g ra in  t i l t ,  
which may be used to  determ ine the  g ra in  o r ie n ta t io n  in  c lad d in g
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specimens w il l  be d e sc rib ed . The f e a s i b i l i t y  o f the SAW technique 
in  m onitoring the  s p a t i a l  g ra in  o r ie n ta t io n  in  two a u s te n i t ic  s te e l  
c lad d in g  samples w il l  a lso  be dem onstrated.
5 .2 . R esu lts  and d isc u ss io n  fo r  a u s te n i t ic  s t e e l  c a s t  sam ples.
5 .2 .1 .  E stab lishm ent of a  symmetry model.
5 .2 .1 .1 .  Experim ental r e s u l t s .
a ) .  Macros tru e  tu r a l  exam ination.
A m acroetched block o f u n id ir e c t io n a l ly  s o l id i f ie d  a u s te n i t ic
*
s ta in le s s  s t e e l  o f  s iz e  96 X 96 X 124mnr i s  shown in  f i g .  16. For 
fu tu re  re fe re n c e , th e  co o rd in a te  axes o f  th i s  m a te r ia l a re  ass ig n ed  
in  a  way th a t  th e  Z (3 )-a x is  i s  o r ie n te d  i n  th e  d ir e c t io n  o f  s o l id i f i c a ­
t io n .  The X ( l) -  and Y (2)-axes a re  p e rp en d icu la r to  th e  z (3 ) -a x is  and 
to  each o th e r .
From f i g .  16 i t  i s  c le a r  th a t  when viewed from bo th  th e  XZ- 
and YZ-planes, th e  a u s te n i t ic  s ta in le s s  s t e e l  c a s t  c o n s is ts  o f  long  
columnar g ra in s  which begin  a t  the  bottom and extend toward th e  top 
o f  th e  in g o t.  In  g e n e ra l, the  g r a in ’s  tra n sv e rse  dim ensions a re  
sm alle r a t  th e  bottom and in c re a se  in  s iz e  toward the  top o f th e  
in g o t, an e f f e c t  th a t  i s  expected in  c a s t  m a te r ia ls ,  because th e  
h igh  n u c le a tio n  r a t e  p re se n t in  th e  f i r s t  m etal to  s o l id i f y  a g a in s t  th e  
co ld  mould w all produces a  f in e  s t r u c tu r e .  The subsequent slow er 
s o l id i f i c a t io n  toward the  top o f th e  in g o t i s  c o n tro lle d  by h e a t 
t r a n s fe r  through the  s o l id i f i e d  la y e r  and produces a  c o a rse r  columnar 
g ra in  s t ru c tu re .  I t  was observed th a t  th e  tra n sv e rse  dim ensions o f 
th ese  g ra in s  range between 0.5°™ to  10.0mm. Furtherm ore, the  colum nar 
g ra in s  observed in  the  XZ- and YZ-planes a re  alm ost com pletely  a lig n e d  
w ith  t h e i r  axes alm ost p a r a l l e l  to  th e  v e r t i c a l  a x is  (Z -a x is )  o f  the  
specimen w ith  d ev ia tio n s  o f *10° from the  mean g ra in  o r ie n ta t io n .
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I- i q . 16.  G r a i n  s t r u c t u r e  and a c o o r d i n a t e  sys tem o f  an 
a u s t e n i t i c  s t a i n l e s s  s t e e l  i n g o t .
- 1 0 8 -
On the o th e r hand, no columnar g ra in  s tru c tu re  i s  observed in  the  
XT-plane o f the in g o t. In  th is  p lan e , the g ra in s  appear to  be o f 
polygonal shape w ith d iam eters rang ing  between 0.5mm to  1 0 .Omni.
b ) . X-ra.y po le  f ig u re  measurement.
Following the  procedure o u tlin e d  in  Section(5»4)> the  
r e la t iv e  in t e n s i t i e s  o f X-ray B r a ^  peaks fo r  the  (200) c ry s ta l lo g ra -  
phic plane o f the  a u s te n i t ic  s te e l  c a s t  a re  recorded  a t  va rio u s  ang les 
o f  o r ie n ta t io n  and the  po le  f ig u re s  a re  p lo tte d  au to m a tica lly .
F ig s . 17(a )-1 7 (c )  show the  po le  f ig u re s  f o r  the  a u s te n i t ic  c a s t  
ob tained  from the  XZ-, YZ-, and X Y -p lanes,respec tive ly .
From these  po le  f ig u re s  i t  i s  c le a r  th a t  th e re  e x is ts  a  
h igh  p ro p o rtio n  o f th e  {002} po le  in t e n s i t i e s  p a r a l le l  to  the  s o l id i ­
f ic a t io n  d ire c t io n ,  which i t s e l f  i s  p a r a l le l  to  the  columnar g ra in  
a x is .  This seems to  be c o n s is te n t w ith  the  common o b serv a tio n  th a t  
the  -tlOO5’” i s  the  p re fe rre d  s o l id i f ic a t io n  d ire c t io n  in  a u s te n i t ic  
s ta in le s s  s te e ls  and o th e r fa c e -c e n tre d  cubic m a te r ia ls .51*54 
Furtherm ore, i t  i s  ev id en t from f ig s .  17(a) and 17(b) th a t  the  o th e r  
two p o le s , i . e .  {200}and {020} po les a re  s c a tte re d  somewhat randomly 
about the  s o l id i f ic a t io n  d ire c t io n .  Based on the  m acro stru e tu ra l 
o b serv a tio n , i t  i s  expected th a t  a  band o f uniform  in te n s i t i e s  o f  
{200} and {020} po les would be formed along the  diam eter o f the XZ 
and YZ po le  f ig u re s . However, as i t  tu rn s  o u t, an in te rm it te n t  band 
r a th e r  than a  uniform  band o f in te n s i t i e s  i s  formed. This o b se rv a tio n  
may be a t t r ib u ta b le  to  the la rg e  g ra in  s iz e  produced by com petitive  
growth during  s o l id i f i c a t io n ,  a  co n d itio n  a lread y  confirmed in  the
macros tru e  tu r a l  exam ination o f th is  m a te r ia l. On the  samples o f
2
a u s te n i t ic  s te e l  c a s t  in v e s t ig a te d , a  scanned a re a  o f 20 X 20mm does 
n o t co n ta in  enough g ra in s  to  give a  good s t a t i s t i c a l  average o f the  
o r ie n ta t io n  p re sen t w ith in  the  m a te r ia l.
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P ig . 17 ( b ) 
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P ig , 17( c )
P ig . 11(200) p o le  f ig u re s  o b ta in ed  from th e  (a ) XZ-plane 
(b) YZ-plane and (c ) XT-plane o f  an a u s te n i t ic  s t e e l  in g o t ,  
( in t e n s i t i e s  a re  tim es random).
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o ) . E la s tic  co n stan t measurement.
The e la s t ic  co n stan ts  o f the a u s te n i t ic  s ta in le s s  s te e l  
in g o t shown in  f ig .  16 were determ ined by measuring a  number o f 
u l t r a s o n ic  v e lo c i t ie s  in  sev e ra l d ir e c t io n s . The coord ina te  axes
26-28o f the m a te ria l a re  assigned  in  a  manner suggested by A dler e t  a l .  ”  
The measured values o f u l tr a s o n ic  v e lo c ity  a re  l i s t e d  i n  ta b le  6 .
The e l a s t i c  co n stan ts  a re  c a lc u la te d  from the r e la t io n s  g iven in  
ta b le  1 (see  S ection  2 .1 .2 ) .  The r e s u l t s  o f the  c a lc u la tio n  a re  g iven  
in  the  m atrix  form o f ta b le  7> w ith  the assum ption th a t  0 ^  -  and
C23 = °13'
I t  i s  ev iden t from th ese  measurements th a t  the value  o f 
i s  very  c lo se  to  th a t  o f  C22> the r e s u l t  which i s  expected fo r  
a  m a te ria l which possesses a  sp e c ia l o r th o tro p ic  symmetry. The 
a u s te n i t ic  s te e l  c a s t  was p rim a rily  c u t f o r  the measurement o f c ^ -t 
i . e .  tra n sv e rse  wave v e lo c i ty  p ropagating  i n  th e  3 -d ire c tio n  and 
p o la r is e d  in  the 2 -d ire c tio n . Consequently, the  m a te ria l th a t  
remained was n o t la rg e  enough fo r  c ^  and c ^  measurement so th a t  th e
e la s t i c  co n stan ts  Cr-r- and C, 2 cannot be c a lc u la te d . However, the55 13
abbrev ia ted  u ltr a s o n ic  d a ta  to g e th e r w ith  the  macros tru e  tu r a l  
o bservation  and the  X-ray po le  f ig u re  measurement, suggest th a t  th i s  
m a te ria l i s  tra n sv e rse ly  i s o t r o p ic ,  and enable us to  make an assump­
tio n  th a t  C ^  and C-^ 8X6 e<3.ual to  and Cgj* re s p e c tiv e ly . This 
assumption i s  fu r th e r  supported by our o b se rv a tio n  th a t  -C ggri^C ^-C ^) 
which i s  again  the  case fo r  the  tra n sv e rse ly  is o tro p ic  m a te r ia l .  Such 
a  m a te ria l i s  s a id  to  possess a  sp e c ia l o r th o tro p ic  symmetry.
d ) .  R otated bulk lo n g itu d in a l wave v e lo c ity  measurement.
In  th is  experim ent, seven samples were used fo r  u l t r a s o n ic  
v e lo c ity  measurement. The samples were o b liq u e ly  cu t so th a t  the  
v e lo c ity  measurements could be made a t  various o r ie n ta t io n  (o c )»
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MATERIAL DENSITY = 8.117 Kgm n f 5
VELOCITY- PROPAGATTOK-DIREGTION C0SIRE3 MEASURED VALUES
CCMP01IEHT 1 m a Km s ’*1
V11 1 0 0 5.568
t22 0 1 0 5.557
V33 0 0 1 5.208
V12 1 0 0 2.655
T13 1 0 0 -
v23 0 1 0 3.716
v j 3(« :45°) 0 .7 1 0 0.71. -
V22 (*=45°) 0 0 .7 1 0.71 6.177
< i(< = 4 5 ° ) 0 .7 1 0 .7 1 0 5.570
Table 6 . Observed u l t r a s o n ic  v e lo c i t ie s  i n  an a u s te n i t i c  
s t e e l  in g o t a t  2.5MHz.
25.16 13.84 15.39 0 0 • 0
13.84 25.07 15.39 0 0 0
15.39 15.39 22.05 0 0 0
0 0 0 11.21 0 0
0 0 0 0 11.21 0
0 0 0 0 0 5.64
Table 7 . E la s t ic  co n stan ts  m atrix  deriv ed  
from u l t r a s o n ic  measurements.
r e l a t iv e  to  the d ire c tio n  o f g ra in  a x is , i . e .  oc = 0°, 15 ° ,  30°, 45°, 
60°, 75°» and. 90°. For the  purpose o f comparison -with th e o re t ic a l  
p re d ic tio n , a  computer programme c a lle d  QrfKRY was w ritte n  in  FORTRAN 
to  compute the th e o re tic a l  v a r ia t io n  o f u l tr a s o n ic  lo n g itu d in a l wave 
v e lo c ity  w ith  the  d ire c t io n  o f propagation  u sin g  the e l a s t i c  co n stan ts  
shown in  ta b le  7 . For the  programme i t s e l f ,  see Appendix ( l ) .  The 
experim entally  determ ined and the computed r e s u l t s  o f the  v e lo c ity  
v a r ia t io n  w ith the d ire c t io n  o f p ropagation  a re  shown in  f i g .  18.
This f ig u re  shows th a t  the experim ental r e s u l t s  which a re
obta ined  by averaging the  v e lo c ity  over a l l  d ire c tio n s  which l i e  a t
a  fix e d  angle (oc) to  the  -c 100> g ra in  ax is  achieve good q u a n t i ta t iv e
agreement w ith  those o f c a lc u la te d  r e s u l t s .  A ll o f the  experim en tally
determ ined d a ta  p o in ts  a re  w ith in  0 *7% o f  the  th e o re t ic a l  curve .
These r e s u l t s  a re  in  q u a l i ta t iv e  agreement w ith  those ob ta ined  by
26-28o th e r experim enters. “ In  th i s  experim ent, the  v a r ia t io n  in  
magnitude o f the r o ta t io n a l  lo n g itu d in a l wave v e lo c ity  i s  17/4. I t  i s  
c le a r  from f i g .  18 th a t  the  lo n g itu d in a l wave v e lo c ity  a re  minimum 
in  the  d ire c t io n  p a r a l le l  to  the  columnar g ra in  a x is ,  in c re a s in g  
w ith  the angle o f  o r ie n ta t io n  and reaches maximum a t  around 45° .
Beyond th is  an g le , the  v e lo c ity  decreases u n t i l  i t  reaches an o th er 
minimum fo r  the  d ire c t io n  p erp en d icu la r to  the  g ra in  a x is .  F u rth e r­
more, i t  i s  a lso  obvious th a t  the  lo n g itu d in a l wave v e lo c ity  perpen­
d ic u la r  to  th e  g ra in  ax is  i s  s ig n if ic a n t ly  h igher than in  the  
d ire c t io n  p a r a l le l  to  i t .
5 .2 .1 .2 .  D iscussion .
In  th e  preceding  S ec tion , the  experim ental r e s u l t s  th a t  
a re  necessary  in  p re d ic tin g  the  ap p ro p ria te  th e o re t ic a l  model fo r  
an a u s te n i t ic  s t e e l  c a s t  have been p re sen ted . These inc lu d e  the  
r e s u l t s  obtained from the v isu a l exam ination o f the c a s t ’s macro-
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s tru c tu re ,  the  X-ray pole f ig u re  measurement and the measurement o f
bulk  lo n g itu d in a l wave v e lo c i t ie s  in  sev e ra l d ire c tio n s  r e l a t iv e  to
the  columnar g ra in  a x is .  In  the  in v e s t ig a tio n  o f the c a s t  an iso tro p y ,
i t  was f i r s t  thought th a t  the  c a s t  may be modelled by a  s in g le  cubic
c r y s ta l .  Such an assum ption i s  based upon the  knowledge th a t  the
54a u s te n ite  c r y s ta l l i s e s  in  the fa c e -c e n tre d  cubic form.
M acroscopically  however, i f  the  c a s t  i s  to  possess a  cubic 
symmetry, the c ry s ta l  alignm ent should be completed in  th re e  orthogo­
n a l d ire c t io n s , i . e .  in  the  s o l id i f i c a t io n  d ire c t io n  and two o th e r 
d ire c tio n s  p e rp en d icu la r to  i t .  As ev id en t from f ig .  18, such a 
s i tu a t io n  does n o t e x is t  in  the  c a s t  in v e s t ig a te d . In s te a d , th e  
g ra in s  a re  c le a r ly  a lig n ed  in  one d ire c t io n  on ly , i . e .  in  the  s o l id i ­
f ic a t io n  d ire c t io n .  Thus, the  apparen t symmetry in  the m acrostructu re  
o f th is  c a s t  in v e s t ig a te d  lead s  us to  propose an a l te rn a t iv e  model 
in  p lace  o f the  cubic model.
In  view o f the  m acro stru c tu ra l s im i la r i ty  in  the  XZ- and 
YZ-planes and the  apparen t iso tro p y  in  the  XY-plane o f an a u s te n i t ic  
s t e e l  c a s t  in v e s t ig a te d , th e  most obvious cand idate  model i s  a  
sp e c ia l o rth o tro p ic  one. This form o f symmetry corresponds to  a 
system o f f iv e  independent e l a s t i c  co n stan ts  having a c e n tra l  ax is  
o f symmetry, i . e .  Z -ax is , as shown in  f i g .  19*
The v a l id i ty  o f th is  model i s  supported by the  r e s u l t s  
ob tained  from the  po le  f ig u re  measurement o f an a u s te n i t ic  s te e l  
in g o t as shown in  f ig s .  1 7 (a )-1 7 (c ) . These pole f ig u re s  a re  ob ta ined  
from the  XZ-, YZ-, and XY-planes, re s p e c tiv e ly . Since the s o l i d i f i ­
c a tio n  d ire c t io n  i s  c o n tro lle d  such th a t  i t  i s  always p a r a l le l  o r 
alm ost p a r a l le l  to  the Z -ax is , i f  a  cubic model i s  considered , a l l  th e  
(200) po le  f ig u re s  ob tained  from the  th re e  orthogonal p lanes should  
be id e n t ic a l .  The pole f ig u re s  should c o n s is t  o f  a  high (200) po le  
in te n s i ty  a rea  in  the cen tre  w ith fo u r o th e r (200) po les  c lu s te re d
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P o la r is a t io n
d ir e c t io ny ie ld s
P ropagation
d ire c t io n
C
P ig . 19• Plane wave p o la r is a t io n  and propagation  d ire c t io n s  
necessary  to de riv e  e la s t i c  co n stan ts  o f a  sp e c ia l o r tn o tro p ic
M ateria l.
n ear the p e rip h e ry , 90° a p a r t  from one an o th er. However, as ev id en t 
from f ig s .  17(a)-17(c)>  only  one c lu s te r  o f (200) r e f le c te d  po les 
e x is t s ,  p a r a l le l  to  the s o l id i f ic a t io n  d ire c t io n , i . e .  Z -ax is . 
Furtherm ore, i t  appears th a t  the  (200) r e f le c te d  poles a re  d is t r ib u te d  
somewhat randomly about the s o l id i f i c a t io n  d ire c t io n . This observa­
t io n  im p lies  th a t  the  g ra in  s tru c tu re  o f  th i s  m a te ria l i s  tra n sv e rse ly  
is o t ro p ic ,  a  c h a r a c te r is t ic  o f a  m a te ria l w ith  a  sp e c ia l o r th o tro p ic  
symmetry (a lso  known as hexagonal symmetry). In  th is  case , the  < 1 0 0 >  
columnar g ra in  ax is  may serve  as a  c e n tra l  ax is  o f symmetry.
Thus, i t  i s  c le a r  th a t  the  cubic model does n o t re p re se n t 
the  macroscopic symmetry o f the  a u s te n i t ic  s te e l  c a s t  w ith  a  columnar 
g ra in  s t ru c tu re .  In s te a d , such a  m a te r ia l i s  b e s t  rep re sen ted  by a  
sp e c ia l o r th o tro p ic  model w ith  th e i r  c e n tra l  ax is  o f symmetry p a r a l l e l  
to  the  d ire c t io n  o f the g ra in  a lignm ent. As mentioned e a r l i e r ,  such 
m a te r ia ls  a re  c h a ra c te r is e d  by f iv e  independent e l a s t i c  c o n s ta n ts ,
namely C-^ = ^22* ^33* ^12* ^13 “  ^23* ^44 = ^55* ^66 “  *^^11 ” ^12^*
In  S e c tio n (5 * 2 .1 .1 .a ) , we have shown th a t  th e  complete s e t
o f  e l a s t i c  co n stan ts  o f  an a u s te n i t ic  s te e l  in g o t in v e s t ig a te d  may be
obtained  by measuring the u l tr a s o n ic  v e lo c i t ie s  in  c e r ta in  high
symmetry d ire c t io n s . The p lane wave propagation  and p o la r is a t io n
d ire c tio n s  which were used in  d e riv in g  the  f iv e  independent e l a s t i c
co n stan ts  o f th is  in g o t a re  given in  f i g .  19. Tables 6 and 7 show
the wave v e lo c i t ie s  measured along sev e ra l d ire c tio n s  and th e i r
corresponding e la s t i c  co n stan ts  c a lc u la te d  from equations g iven  in
ta b le  1. I t  i s  c le a r  from ta b le  6 th a t  the  lo n g itu d in a l wave
propagates a t  about the same v e lo c ity  along the 1 - and 2 -d ir e c t io n s .
On the  o th e r hand, the  p ropaga tional v e lo c i ty  in  the  3 -d ire c tio n  i s
6.3j#> lower than  th a t  in  the  1 - and 2 -d ire c tio n . S im ila r ly , tra n sv e rse
wave v e lo c ity  c ^  (propagating  in  the 2 -d ire c tio n  and p o la r is e d  in
the  3 -d ire c tio n )  d i f f e r s  by an amount o f 2<$>/q from c-^  (p ropagating
in  the 1 -d ire c tio n  and p o la r ise d  in  the  3 -d ire c tio n .
-118-
This observation  again  in d ic a te s  th a t  the  cubic model i s  by no means 
ap p ro p ria te  to  re p re se n t a u s te n i t ic  s te e ls  w ith  a  columnar g ra in  
s t ru c tu re .  Such a  model p re d ic ts  th a t  c ^  = Cg2 -  311(1 °13 53
c23 = c12* ^ence ^11 ■ ^22 = ^33 331(1 ^44 ** ^55 ~ ^66* Furtherm ore, 
a  sp e c ia l  o r th o tro p ic  model w ith  the X f(l2 )-p lan e  as a  p lane o f
iso tro p y  p re d ic ts  th a t  -  ^ ( ci l  “ C1 2 )# In  our e23>erim ent ,  a l l
th ese  e l a s t i c  c o n s ta n ts , i . e .  C ^ ,  C2 2 9 311(1 ^66’ were determ ined
independently . As shown in  ta b le  7 > the value o f ob ta ined  from
the d i r e c t  measurement o f a  tran sv e rse  wave v e lo c ity  c ^  (p ropagating
in  0in  th e  1 -d ire c tio n  and p o la r ise d  in  the  2 -d ire c tio n ) , i s  5*64 X 10 Hm~
10 -2compared w ith  5*66 X 10 Km derived  from th e  values o f  and C^*
The c lo se  agreement between th ese  values shows th a t  the  s p e c ia l
o r th o tro p ic  model i s  more s u ita b le  to  re p re se n t the  a u s te n i t ic  s t e e l
w ith  a  columnar g ra in  s t ru c tu re  than  a  cubic model.
In  o rder to  help  e s ta b l is h  the  v a l id i ty  o f th is  model,
lo n g itu d in a l wave v e lo c i t ie s  were measured a t  se v e ra l d ire c t io n s  o f
propagation  w ith  re sp e c t to  the  -£100 >  columnar g ra in  ax is  and the
re s u l t s  o f measurements a re  p resen ted  in  f i g .  18. I t  i s  c le a r  from
th is  f ig u re  th a t  the  r e s u l t s  o f our measurement agrees q u a l i ta t iv e ly
w ith  those observed in  an a u s te n i t ic  s te e l  c a s t  ob ta ined  by o th e r  
26—28workers. ~ A maximum lo n g itu d in a l wave v e lo c i ty  o f  6l7?m /s occurs 
a t  45° from the  <100> g ra in  a x is  w ith  unequal minima o f 5208m/s 
and 5568m/s observed p a r a l le l  and p e rp en d icu la r to  i t  r e s p e c tiv e ly .
The maximum v e lo c ity  v a r ia t io n  o f 17% observed during  th i s  experim ent 
i s  f a r  too g re a t to  be a t t r ib u ta b le  to  minor changes in  com position.
The lo n g itu d in a l wave v e lo c ity  in  316 a u s te n i t ic  s ta in le s s  s te e l s  
w ithout a  columnar g ra in  s tru c tu re  i s  about 5690m/s i r r e s p e c t iv e  of 
the d ire c tio n  o f p ropagation . A maximum v e lo c ity  v a r ia t io n  o f  only
1960.67% was observed by L edbetter as a  r e s u l t  o f com positional changes.
On the  o th e r hand, the same o rder o f th e  v e lo c ity  v a r ia t io n  has been
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20observed in  a  s in g le  c ry s ta l  o f i ro n . I t  i s  thus concluded th a t  the
g re a t  v e lo c ity  v a r ia t io n  observed in  th is  m a te ria l i s  s o le ly  as a
r e s u l t  o f the m a te r ia l an iso tro p y  due to  th e  ex isten ce  o f h igh ly
a ligned  columnar g ra in s .
The manner in  which the lo n g itu d in a l wave v e lo c ity  v a r ie s
w ith  the  d ire c t io n  o f propagation  in  the  a u s te n i t ic  s te e l  in g o t
in v e s t ig a te d  in  th i s  experim ent may be explained  w ith  the  a id  o f
wave theory  and the model th a t  has been e s ta b lish e d  e a r l i e r .  The
expression  fo r  the  u ltr a s o n ic  wave v e lo c i ty  as a  fu n c tio n  o f p ropagation
d ire c t io n  in  an e l a s t i c a l ly  a n iso tro p ic  medium has been derived  by 
19-21Musgrave. This expression  g ives the  v e lo c ity  as the  so lu tio n
o f a  cubic equation  whose c o e f f ic ie n ts  depend upon the e l a s t i c  co n stan ts  
and cosines o f the  d ire c t io n  o f p ropaga tion . Using a  sp e c ia l o rth o ­
tro p ic  model and the  e l a s t i c  co n stan ts  determ ined e a r l i e r ,  the  
th e o re t ic a l  lo n g itu d in a l wave v e lo c ity  v a r ia t io n  was computed from 
the fo llow ing  Musgrave1s eq u a tio n ;21
P°L = C44 + ^ ( ra2& + n2k + “ n^ ) 2 ~ 4ra2n2(ah -  d2 ))^ )
where c i s  the  lo n g itu d in a l wave v e lo c i ty , m -  s in  oc, n  s  cos cxr,L
ckr i s  the  angle between the  columnar g ra in  ax is  and the u l tr a s o n ic
beam a x is , a  s ” ^44* ^ = ^13 ^44* ^  ~ ^33 ~ *^44 P the
m a te ria l d e n s ity . The th e o re t ic a l  curve o f the lo n g itu d in a l wave 
v e lo c ity  v a r ia t io n  w ith the  d ire c t io n  o f propagation  computed u sin g  
th is  expression  i s  superimposed in  f i g .  18. I t  can be seen th a t  the  
th e o re t ic a l  and the  experim ental r e s u l t s  a re  in  q u a n ti ta t iv e  ag ree­
ment w ith  a l l  the experim ental d a ta  p o in t ly in g  w ith in  0,7% o f the  
th e o re t ic a l  curve. These r e s u l t s  to g e th e r w ith  the r e s u l t s  ob ta ined  
from the macros tru e  tu r a l  exam ination and the  X-ray pole f ig u re  
measurement confirmed th a t  the proposed sp e c ia l o r th o tro p ic  model 
i s  the c lo s e s t  to  the general s i tu a t io n  w ith in  the  a u s te n i t ic  s ta in le s s
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s te e l  w ith  a  columnar g ra in  s tru c tu re  although some m isalignm ents 
between the columnar g ra in s  may occur.
As f a r  as u l tr a s o n ic  te s t in g  i s  concerned, an im portan t 
p re d ic tio n  o f the  cubic model o f the c a s t  and weld i s  th a t  the 
u ltr a s o n ic  rays w il l  be skewed during  the  passage through th e  weld. 
This skewing i s  a  consequence o f the angu lar v a r ia t io n  in  u l t r a s o n ic  
v e lo c ity  and means th a t  the  ray s  tend to  be re f ra c te d  toward the  
d ire c t io n  o f maximum v e l o c i t y . A n  u ltr a s o n ic  beam p ropagating  
along th e  d ire c t io n  o f maximum v e lo c ity  w il l  th e re fo re  be focused 
by th is  e f f e c t ,  whereas in  the d ire c t io n  o f a  minimum v e lo c i ty  the 
beam w il l  be defocused. A sp e c ia l o r th o tro p ic  model on the  o th e r 
hand, does n o t a f f e c t  any o f the b a sic  consequence o f th e  e a r l i e r  
model, b u t i t  causes d i s t i n c t  changes in  th e  q u a n ti ta t iv e  p re d ic tio n s . 
In  p a r t ic u la r ,  the  v a r ia t io n  o f u l tr a s o n ic  v e lo c ity  and the  v a r ia t io n  
o f  the  skewing angle as a  fu n c tio n  o f d ire c t io n s  in  the p lane th a t  
forms a  c e n tra l  ax is  (X * 0 and Y ■ 0 p la n e s ) , a re  both changed from 
the  cubic case . For example, the  v e lo c ity  maximum no lo n g e r occurs 
a t  45° and in  the same way the  skewing angle no longer passes through 
zero  a t  th i s  an g le , in s te a d , both the  v e lo c i ty  maximum and th e  zero 
c ro ss in g  o f skewing angle occur a t  48° •
5 .2 .2 . Surface aco u s tic  wave p ropagation  in  an a u s te n i t ic  
s te e l  c a s t .
5 .2 .2 .1 . Experim ental r e s u l t s .
a ) .  U ltra so n ic  r e f l e c t i v i t y .
F ig . 20 i s  a  tra c in g  o f a s t r i p  c h a r t reco rd  showing the  
v a r ia t io n  in  the am plitude o f an u l tr a s o n ic  pu lse  r e f le c te d  from 
a  w a te r / f e r r i t i c  s te e l  and th ree  w a te r /a u s te n it ic  s t e e l  c a s t  i n t e r ­
faces  as the  angle o f inc idence  in c re a se s  from 10° to  50°. S ta r t in g
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w ith the  measurement on the w a te r / f e r r i t i c  s te e l  in te r f a c e ,  the 
fo llow ing  observation  can be made. Beyond the  angle o f inc idence  o f 
10°, the  curve in c rease s  very  slow ly , peaking a t  about 14°40’ , c o rre s ­
ponding to  the  c r i t i c a l  r e f r a c t io n  angle fo r  a  lo n g itu d in a l wave in  
the f e r r i t i c  s t e e l .  Beyond th is  peak, the  r e f le c te d  s ig n a l drops 
s l ig h t ly  and then in c re ase s  slow ly again  u n t i l  ano ther peak occurs a t  
an angle  o f inc idence  o f 26°191. This peak in d ic a te s  the  c r i t i c a l  
r e f r a c t io n  angle fo r  a  tra n sv e rse  wave in  the  sample. Beyond th i s  
peak, i s  a  deep trough having a  minimum a t  30°44' angle o f in c id en ce . 
Away from th is  an g le , the  r e f le c te d  s ig n a l in c re a se s  and i s  alm ost
co n stan t a t  fu r th e r  increm ents o f  in c id en ce  an g le . This o b serv a tio n
120seems to  agree w ell w ith  the o b serv atio n  made by C u rtis . The
trough im m ediately fo llow ing  the tra n sv e rse  wave peak i s  a t t r ib u ta b le
126to  the  g en era tio n  o f  a  su rface  wave. At th i s  p a r t ic u la r  angle
(known as the  SAW c r i t i c a l  a n g le ) , the  sp ec u la rly  r e f le c te d  s ig n a l
and the  SAW re ra d ia t io n  a re  o f the  equal am plitude and o p p o site  phase,
th u s , d e s tru c tiv e  in te r fe re n c e  between them causes a  n u ll  re g io n  in
127 129the  n e t r e f le c te d  s ig n a l .  ' ! I t  i s  c le a r  th a t  the  trough in  th i s  
r e f l e c t i v i t y  p lo t  i s  very  w ell defined  and th e  corresponding ang le  o f 
in c id en ce , and thus the  SAW v e lo c i ty , can be determ ined very  accu­
r a te ly .  The accuracy o f measurement o f the  SAW v e lo c ity  in  f e r r i t i c  
s te e l  samples was found to  be in  the  o rd e r o f ±0.1^.
The r e f l e c t i v i t y  p lo ts  fo r  w a te r /a u s te n it ic  s te e l  c a s t
in te r fa c e s  a re  a lso  given in  f i g .  20. I t  i s  c le a r  from th is  f ig u re  
th a t  when the transducers  a re  a lig n ed  p a r a l le l  to  the g ra in  a x is ,  the 
r e f l e c t i v i t y  p lo t  has a  s im ila r  c h a r a c te r is t ic  to  th a t  o f the  f e r r i t i c  
sample ( i . e .  curve B). In  th is  case the  lo n g itu d in a l and the  tra n sv e rse
wave c r i t i c a l  angles occur a t  l6 °5 7 ' and 29° 6 ' ,  re s p e c tiv e ly , whereas
the  su rface  wave i s  generated  a t  53°40 '. On the  o th e r hand, when the 
tran sd u cers  a re  a lig n ed  p e rp en d icu la r to  the g ra in  a x is ,  the  lo n g i-
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tu a in a l wave c r i t i c a l  angle becomes le s s  w ell defined  and the t r a n s ­
v erse  wave c r i t i c a l  angle becomes undefineab le  ( i . e .  curve C). The 
most u se fu l o b serv atio n  to  be made i s  th a t  the  trough th a t  corresponds 
to  the SAW g en era tio n  i s  now s h if te d  a  few degrees from the  p rev ious 
p o s it io n . The SAW c r i t i c a l  angle a t  th i s  o r ie n ta t io n  i s  38°15* 
compared to  33°40* observed p rev io u s ly . Applying S n e l l ’s Law, we 
found th a t  the SAW v e lo c ity  changed from 2670m/s when the  tran sd u ce rs  
were p a r a l le l  to  the g ra in  a x is ,  to  2391m/s when they were perpendi­
c u la r  to  the  g ra in  a x is .  The conclusion  drawn from th is  o b serv a tio n  
i s  th a t  th e  aco u s tic  an iso tro p y  r e s u l t s  in  the  SAW v e lo c i ty  change 
o f 10.5%. (The change in  the  lo n g itu d in a l wave v e lo c ity  i s  la r g e r  
and approxim ately 17% as d escribed  in  S e c t io n (5 .2 .1 .1 .d ) ) .  F in a l ly ,  
the  r e f l e c t i v i t y  p lo t  made on the  XT-plane o f the  m a te ria l (see  curve 
D), showed th a t  the  SAW c r i t i c a l  angle occured a t  32°50* which 
corresponds to  a  v e lo c ity  o f  2730th/ s s Again th e  lo c a tio n s  o f the  
c r i t i c a l  ang les th a t  correspond to  the  lo n g itu d in a l and tra n sv e rse  
waves in  th i s  case a re  unapparent.
Apart from the  s h i f t  in  the trough p o s it io n  and the d i s -  
appearence o f lo n g itu d in a l and tra n sv e rse  w a v e .c r it ic a l  an g les , i t  was 
a lso  noted th a t  the depth as w ell as the  w idth o f the trough o f 
curves C and D were s ig n if ic a n t ly  d i f f e r e n t  from th a t  o f  curve B. 
Several a u th o rs ,125»136,139>145 SUgge3t  th a t  the  depth and th e  w idth 
o f th is  trough a re  in flu en ced  by the  a tte n u a tin g  p ro p e r tie s  o f a  
sample, m ainly the a tte n u a tio n  o f th e  tra n sv e rse  wave. Thus, the  
v a r ia t io n  in  the depth and the  w idth o f the  trough observed in  our 
experim ent may be a t t r ib u ta b le  to  the d ire c t io n a l  dependence o f  the 
shear wave a tte n u a tio n  in  the  c a s t  a u s te n i t ic  s t e e l .  Although the
exact r e la t io n  between both param eters has n o t y e t been e s ta b lis h e d ,
97the  measurement made by S ilk , j u s t i f i e s  th a t  i n  the  a u s te n i t ic  
s te e l  weld w ith a  columnar g ra in  s t ru c tu re ,  the tra n sv e rse  wave
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a tte n u a tio n  i s  h igher when the  beam propagates p e rp en d icu la r to  the 
g ra in  ax is  then  when i t  p ropagates p a r a l le l  to  i t .
In  th is  experim ent, we found th a t  the e r ro r  o f the d e te r ­
m ination o f SAW c r i t i c a l  angle in c rease s  from -1» in  the case o f a 
w a te r / f e r r i t i c  s te e l  in te r fa c e  to  the  maximum e r ro r  o f ±8* in  w a te r / 
a u s te n i t ic  s te e l  c a s t  in te r f a c e s .  However, th is  amount o f e r ro r  
corresponds to  on ly  *0 .3^ e r ro r  in  SAW v e lo c ity  which i s  regarded 
as a ccep tab le .
b ) .  R otated  SAW c r i t i c a l  a n g le /v e lo c ity  measurement.
In  th is  S ec tion , the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  
i s  s tu d ied  using- an u ltr a s o n ic  r e f le c t io n  techn ique. In  such a  s tu d y , 
the  SAW c r i t i c a l  a n g le /v e lo c ity  i s  recorded  as a  fu n c tio n  o f  ang le  o f 
ro ta t io n  on th re e  orthogonal p lanes o f an a u s te n i t ic  s te e l  c a s t .
The experim ental procedure fo r  th is  purpose i s  d escribed  in  d e ta i l  
in  S ection(4*2 .3*b). P ig s . 21(a )-2 1 (c ) d e p ic t the  experim ental and 
the th e o re t ic a l  r e s u l t s  o f  the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  on 
th is  m a te r ia l .  In  each f ig u re  the  s o l id  l in e  re p re se n ts  the e x p e ri­
mental r e s u l t s  w hile the dashed curve re p re se n ts  the th e o re t ic a l ly
44computed r e s u l t s  u s in g  the  method suggested by Lim and P a rn e ll .
On the  XZ- and YZ-planes o f the  a u s te n i t ic  s te e l  c a n t, 
a  s tro n g  and unique d ire c t io n a l  dependence o f SAW c r i t i c a l  a n g le /  
v e lo c ity  i s  c le a r ly  ev iden t in  f ig s .  21(a) and 21(b ). The SAW c r i t i c a l  
angle i s  a  minimum in  the  Z -d ire c tio n  ( i . e .  p a r a l le l  to  the g ra in  
a x is ) ,  in c rease s  w ith  angle o f  ro ta t io n  and reaches a  maximum a t  
around 45° from the  Z -ax is . At h igher ang les o f ro ta t io n ,  the  SAW 
c r i t i c a l  angle drops qu ick ly  to  ano ther minimum a t  about 65° from the 
Z -ax is . Beyond 65°, the curve in c re a se s  u n t i l  i t  reaches ano ther 
maximum along the  X- o r Y -d irec tio n , i . e .  p e rp en d icu la r to  the g ra in  
a x is ) .  Prom 90° to  180° angles o f ro ta t io n ,  the  curve e x h ib its  a
-125-
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m irro r image r e la t iv e  to  the f i r s t  quadrant* Prom these  r e s u l t s  we 
found th a t  th e re  was a  maximum SAW v e lo c ity  change o f about 11% on 
these  p lan es . In  both c ase s , the  SAW v e lo c ity  i s  a  maximum when i t  
p ropagates p a r a l le l  to  the g ra in  ax is  and a  minimum when i t  i s  45° from 
i t*  On the  o th e r hand, the r e s u l t s  o f the ro ta te d  SAW c r i t i c a l  a n g le /  
v e lo c ity  measurement on the  XT-plane show a  somewhat d i f f e r e n t  
c h a r a c te r is t ic  from the  prev ious o b serv a tio n s . I t  i s  c le a r  from 
f i g .  21(c) th a t  the SAW v e lo c i ty  on the  XT-plane rem ain co n stan t a t  
about 2690m/s i r r e s p e c t iv e  o f the d ire c t io n  o f p ropagation .
In  the  measurement made on the  XZ- and YZ-planes, we have
observed the  ex is ten ce  o f two types o f su rface  wave one o f  which i s
the r e a l  su rface  wave. The second type o f su rface  wave i s  in d ic a te d
by the  appearence o f  a  second pronounced minimum r e f le c t io n  am plitude
in  th e  r e f l e c t i v i t y  p lo t .  The curves o f f i g .  22 show th a t  such a
minimum (p ) ,  begins to  appear fo r  an angle o f ro ta t io n  o f  30° from
the  Z -ax is . On th e  b a s is  o f num erical and experim ental in d ic a tio n s
we conclude th a t  th is  i s  a  pseudo-SAW mode which has a  phase v e lo c i ty
h ig h er than th a t  o f the  low est tra n sv e rse  bulk wave t r a v e l l in g  in
44.45the same d ire c t io n .  7
In  th is  experim ent, the  accuracy o f a  s in g le  measurement 
o f SAW c r i t i c a l  angle i s  w ith in  *0.1% whereas the  ty p ic a l d e v ia tio n  
due to  the  inhomogeneity o f the  m a te ria l i s  *1.5%» In  a l l  c a se s , 
i t  i s  c le a r  th a t  the  experim ental and th e  th e o re t ic a l  r e s u l t s  a re  in  
very  good agreement. The th e o re t ic a l  curve re p re se n ts  a  case  where 
the g ra in s  w ith in  the m a te ria l a re  p e r fe c t ly  a lig n ed . However, as 
mentioned e a r l i e r  in  S e c tio n (5 * 2 .1 .1 .a ) , some o f the  g ra in s  in  the  
in g o t d ev ia ted  by as much as 10° from the Z -ax is o f the  specimen. 
Furtherm ore, the th e o re t ic a l  SAW c r i t i c a l  a n g le /v e lo c ity  i s  computed 
u sin g  bulk e l a s t i c  co n stan ts  which may be s l ig h t ly  d i f f e r e n t  from 
the e l a s t i c  co n stan ts  on the su rfa c e . These two fa c to rs  a re  th e  most
- 129-
likely sources th a t  c o n tr ib u te  some d isc rep an c ies  between the 
experim ental and the c a lc u la te d  r e s u l t s .
c ) .  R otated SAW r e f l e c t i v i t y  f a c to r  measurement.
Throughout the  experim ents, i t  was observed th a t  the  depth 
o f the minimum r e f le c t io n  am plitude o f the u l tr a s o n ic  r e f l e c t i v i t y  
on a  w a te r /a u s te n it ic  s te e l  c a s t  in te r fa c e  v a ried  s ig n if ic a n t ly  as 
the p lane o f inc idence  i s  ro ta te d  w ith  re sp e c t to  the  p r in c ip a l 
c ry s ta llo g ra p h ic  a x is .  This o b servation  i s  tru e  fo r  both troughs, 
i . e .  su rface  wave and pseudo-surface wave minimum r e f le c t io n s .
As shown in  f ig s .  21(a) and 21(b ), the only  minimum 
re f le c t io n  observed when the  p lane o f  inc idence  i s  p a r a l le l  to  the  
columnar g ra in  a x is  i s  the  one due to  the  r e a l  su rface  wave. When 
the  p lane o f inc idence  i s  ro ta te d  a t  about 30°  from the  g ra in  a x is ,  
a  weak minimum re f le c t io n  re la te d  to  th e  pseudo-surface wave i s  f i r s t  
observed. Beyond 30° angle o f r o ta t io n ,  the  pseudo-surface wave 
minimum becomes deeper whereas the  su rface  wave minimum weakens 
ra p id ly  and becomes d i f f i c u l t  to  observe a t  about 45° angle o f  r o ta ­
t io n .  At h ig h er ang les o f r o ta t io n ,  the  pseudo-surface wave minimum 
becomes shallow er and d isappears  a t  about 62°-64°. At the  same tim e, 
the su rface  wave minimum becomes more and more pronounced.
The measured r e f l e c t i v i t y  f a c to r  fo r  both the  su rfa ce  wave 
and the  pseudo-surface wave minimum re f le c t io n s  a re  given in  f i g s .  22. 
R e f le c t iv i ty  f a c to r  i s  defined  as the  r a t i o  between the magnitude o f  
the r e f le c te d  pu lse  am plitude a t  the  SAW c r i t i c a l  angle and th a t  when 
the incoming beam i s  t o ta l ly  r e f le c te d ,  ( i . e .  beyond 50° angle o f 
in c id en ce ). Using a  computer programme c a lle d  SYERY, (see  Appendix 2b), 
the p a r t i c le  displacem ent e l l ip s e  e c c e n tr ic i ty  (PDEE) o f the  r e a l  
SAW was c a lc u la te d  as a  fu n c tio n  o f d ire c t io n  o f p ropagation  on the  
XZ- o r YZ-plane o f an a u s te n i t ic  s te e l  c a s t  and the r e s u l t s  a re
- 130-
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superimposed in  f i g .  23. P a r t i c le  displacem ent e l l ip s e  e c c e n tr ic i ty
(PDSS) i s  defined  as the  v e c to r  sum of the  components o f the  major
and minor axes o f the  p a r t i c le  d isplacem ent e l l ip s e  p e rp en d icu la r to
the  s o l id  d iv ided  by the  v e c to r  sum o f the components o f the major
and minor axes o f the p a r t i c le  displacem ent e l l ip s e  p a r a l le l  to  the 
132su rfa c e . Comparison between the SAW r e f l e c t i v i t y  f a c to r  and the  
p a r t i c l e  displacem ent e l l ip s e  e c c e n tr ic i ty  suggests th a t  the 
o b se rv a b ili ty  o f  the  SAW e f f e c t  on such an in te r fa c e  i s  very  much 
dependent upon the  p a r t i c le  displacem ent p e rp en d icu la r to  the s o l id  
su rfa c e . The curve shows th a t  in  a  s e c to r  where (PDEE)<0.2, i . e .  
the  e l l ip s e  i s  elongated  in  the  h o riz o n ta l su rfa c e , the  SAW minimum 
r e f le c t io n  becomes d i f f i c u l t  to  observe.v. At the  angle o f  ro ta t io n  
between 0° to  30° r e l a t iv e  to  the g ra in  a x is ,  i t  i s  c le a r  th a t  th e re  
i s  no d e f in i te  c o r re la t io n  between the  PDEE and the SAW r e f l e c t i v i t y  
f a c to r .  I t  i s  expected th a t  the  minimum SAW r e f l e c t i v i t y  f a c to r  
should be observed a t  26° angle o f r o ta t io n  due to  e l l ip s e  e lo n g a tio n  
in  the  d ire c t io n  p erp en d icu la r to  the  f r e e  su rfa c e . However, fo r  
some as y e t  undefined reason , such a  minimum was n o t observed a t  th is  
an g le , in s te a d , a  le s s  d e f in i te  minimum was observed to  occur a t  12° 
angle o f ro ta t io n .  S im ila r ly , in  the  range o f  angles o f  r o ta t io n  
between 0° to  6 ° , our c a lc u la tio n  shows th a t  the  p a r t i c le  d isp la c e ­
ment e l l ip s e  i s  e longated p a r a l le l  to  the  f r e e  su rfa c e , thus i t  i s  
expected th a t  the  r e f l e c t i v i t y  f a c to r  would go much h igher than  1 .4  
as in d ic a te d  in  f i g .  23. The reason  o f th is  p e c u l ia r i ty  i s  n o t 
c le a r .  In  the case o f a  s in g le  c ry s ta l  o f z in c , which possesses a  
s im ila r  an iso tropy  w ith  the c a s t  in v e s t ig a te d , o th e r workers have 
shown th a t  the p a r t i c le  displacem ent e l l ip s e  a t  th is  angle o f ro ta t io n  
has i t s  major ax is  p a r a l le l  to  the  f r e e  su rface  along the  p ropagation  
v e c to r  r a th e r  than  normal to  i t  as in  the  case o f 45° to  60° angle  
o f r o t a t i o n . ^ - However, a  g e n e ra lis a tio n  can be made th a t  in  o th e r
p o s itio n s  where PDEE>0.2, although the  exact r e la t io n  between PDSE and 
the depth o f the minimum r e f le c t io n  i s  s t i l l  u n c lea r , the  trough i s  
re a d ily  observable and accu ra te  de term inations o f SAW c r i t i c a l  a n g le /  
v e lo c ity  a re  p o ss ib le .
5 .2 .2 .2 .  D iscussion .
The u l tr a s o n ic  r e f l e c t i v i t y  o f  an a u s te n i t ic  s te e l  c a s t
sample immersed in  w ater was in v e s t ig a te d  using  a  sim ple r e f le c t io n
technique and the r e s u l t s  a re  p resen ted  i n  f i g .  20. I t  was shown
th a t  the most pronounced fe a tu re  in  the r e f l e c t i v i t y  p lo t  o f th i s
m a te r ia l i s  a  trough th a t  occurs im m ediately beyond the tra n sv e rse
wave c r i t i c a l  r e f r a c t io n  an g le . I t  i s  g e n e ra lly  accepted th a t  the
occurence o f th i s  trough , which was n o t exp lained  by c la s s ic a l  theory
138o f mode conversion , i s  r e la te d  to  su rface  aco u stic  waves (SAW)
*| A r  T
generated  on the  m a te ria l su rfa c e . ’ 4 Thus, the angu lar p o s it io n  
o f  th is  trough may be used to g e th e r w ith  the  S nell*s Law to  c a lc u la te  
the  phase v e lo c ity  o f the  r e la te d  wave in  an a u s te n i t ic  s t e e l  c a s t .
The trough observed in  a w a te r /a u s te n it ic  s te e l  c a s t  in te r fa c e  i s
s ig n if ic a n t ly  shallow er and w ider than th a t  observed in  w a te r / f e r r i t i c
1 1 3  3 f i ts e l ,  o r w ater/copper in te r f a c e s .  This may be due to  th e  h igh
a tte n u a tio n  o f  tra n sv e rse  waves in  a u s te n i t ic  s te e l  c a s t .  However,
w ith the  u ltr a s o n ic  goniom eter a v a ila b le  to  us we have been ab le  to
lo c a te  the angu lar p o s it io n  o f th is  trough and measure the  SAW v e lo c i ty
w ith  an e r ro r  o f le s s  than -0.5^»
Since the angu lar p o s it io n  o f the  trough i s  r e la te d
d i r e c t ly  to  the  SAW v e lo c ity , any change observed in  the  trough
p o s itio n  comes as a  d i r e c t  r e s u l t  o f the  change in  SAW v e lo c i ty .
For example, we have observed the change o f the  trough p o s it io n  from
33°40* to  38°15 * when the plane o f inc idence  was ro ta te d  from 0° to
90° from the Z -ax is o f the c a s t  re s p e c tiv e ly . This im p lies  th a t  the
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SAW v e lo c ity  on the m a te ria l su rface  changes from 2670m/s along the 
Z -ax is to  2391m/s p e rp en d icu la r to  i t .
There a re  sev e ra l fa c to rs  which we might expect to  produce
SAW v e lo c ity  changes. These in c lu d e  changes in  chemical com position,
re s id u a l s t r e s s e s  due to  machining and p re fe rre d  g ra in  o r ie n ta t io n .
However, changes in  chemical com position alone r a re ly  a f f e c t  the
157wave v e lo c ity  by more than 1%. R esidual s t r e s s e s  on the  o th e r
16 3hand, change the  SAW v e lo c ity  by an o rd e r o f 0,1%, Thus, we may 
conclude th a t  the  10 .5^ SAW v e lo c ity  v a r ia t io n  observed on the XZ- 
and YZ-planes o f the  c a s t  in v e s t ig a te d  was the  r e s u l t  o f  the  m a te r ia l 
an iso tro p y  due to  the ex isten ce  o f  p re fe rre d  g ra in  o r ie n ta t io n  on the 
m a te ria l su rfa c e .
I t  i s  c le a r  thal; w ith  an ap p ro p ria te  u l tr a s o n ic  goniom eter, 
i t  i s  p o ss ib le  to  m onitor the m a te ria l an iso tro p y  by employing the  
r e f le c t io n  techn ique. This technique i s  sim ple to  u se , does n o t 
re q u ire  m echanical co n tac t w ith  th e  m a te ria l under in v e s t ig a t io n  and 
needs only  a  few minutes to  c a rry  o u t. Furtherm ore, th i s  technique 
does n o t re q u ire  any sp e c ia l specimen p re p a ra tio n  and access to  only  
a  s in g le  su rface  o f th e  m a te ria l i s  necessa ry .
In  our experim ent, we have examined the  an iso tro p y  o f  an 
a u s te n i t ic  s te e l  c a s t  su rface  by measuring the  angu lar p o s it io n  o f 
the  SAW trough as a  fu n c tio n  o f angles o f o r ie n ta t io n  on th re e  
orthogonal p lanes o f the  m a te r ia l .  The angu lar p o s it io n  o f  th i s  
trough i s  w idely known as the  SAW c r i t i c a l  ang le . An ex ac t p re d ic ­
t io n  o f the  c ry s ta llo g ra p h ic  n a tu re  o f te x tu re s  in  any m a te ria l 
re q u ire s  an estab lishm ent o f  a  s in g le  a n a ly t ic a l  re la t io n s h ip  
between the observed v e lo c ity  o f th e  SAW and the  c ry s ta llo g ra p h ic  
o r ie n ta t io n  o f the  g ra in s . This cannot be done r ig o ro u s ly  because 
th e re  i s  too l i t t l e  in fo rm ation  contained  in  a  s in g le  wave v e lo c i ty  
measurement. To ta ck le  th is  problem, we have worked backward,
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i . e .  we assume a c ry s ta llo g ra p h ic  d is t r ib u t io n  o f the g ra in s  and 
then c a lc u la te  th e i r  e l a s t i c  and u l t r a s o n ic  p ro p e r tie s . I t  i s  hoped 
th a t  we w il l  be ab le  to  show th a t  the  observed wave v e lo c ity  an iso tro p y  
i s  c o n s is te n t w ith  an assumed c ry s ta llo g ra p h ic  te x tu re .
In  S e c tio n (5 .2 .1 .1 ) ,  we have e s ta b lish e d  th a t  the  g ra in s  
w ith in  the  bulk  o f th e  a u s te n i t ic  s te e l  c a s t  in v e s tig a te d  produce 
m a te ria l w ith  a  sp e c ia l o r th o tro p ic  symmetry. The bulk e l a s t i c  
co n stan ts  ob ta ined  in  S ec tio n (5 * 2 .1 .1 . ) were then used to  c a lc u la te  
the  th e o re t ic a l  SAW c r i t i c a l  a n g le /v e lo c ity  based on th is  model.
The r e s u l t s  o f  the  com putation a re  superimposed on the experim en tally  
determ ined p o in ts  as given in  f ig s .  2 l ( a ) - 2 l ( c ) .  These f ig u re s  show 
th a t  the  SAW c r i t i c a l  a n g le /v e lo c ity  on the XZ- and YZ-planes v a r ie s  
s tro n g ly  w ith  the angle o f ro ta t io n .  I t  was a lso  c le a r  th a t  the  
d ire c t io n a l  dependence o f  the  SAW c r i t i c a l  a n g le /v e lo c ity  on th ese  
two p lanes i s  alm ost id e n t ic a l .  This v a r ia t io n  agrees w ell w ith  the 
th e o re t ic a l  p re d ic tio n  based on the  assumed model. As expected , the 
SAW c r i t i c a l  a n g le /v e lo c ity  on the XY-plane rem ains co n stan t i r r e s ­
p e c tiv e  o f the angle o f ro ta t io n .
The p o ly c ry s ta l l in e  e la s t i c  co n stan ts  o f an a u s te n i t ic  
s t e e l  c a s t  ob ta ined  in  S e c tio n (5 .2 .1 .1 .c )  a re  such th a t  the  SAW 
c r i t i c a l  angle i s  low est along th e  ^ 1 0 0 ^  c ry s ta llo g ra p h ic  a x is  
and h ig h e s t a t  45° angle o f ro ta t io n  from th is  a x is .  In  th e  ro ta te d  
SAW measurement, we observed th a t  the  low est SAW c r i t i c a l  ang le  occurs 
along the Z -ax is . This ax is  has* been shown m e ta llo g ra p h ica lly  to  be 
p a r a l le l  to  the -^ lO O ^ columnar g ra in  a x is .  Thus, we may conclude 
th a t  the  g ra in s  w ith in  the bulk as w ell as on the  su rface  o f th is  
c a s t  have th e i r  -£100*> c ry s ta llo g ra p h ic  axes p r e f e r e n t ia l ly  concen­
tr a te d  p a r a l le l  to  the  Z -ax is . The f a c t  th a t  the  SAW c r i t i c a l  a n g le /  
v e lo c ity  rem ains co n stan t i r r e s p e c tiv e  o f the  angles o f r o ta t io n  
in d ic a te s  th a t  the  XT-plane o f th is  c a s t  i s  h ig h ly  is o t ro p ic .
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B earing in  mind, th a t  the  bulk e la s t i c  co n stan ts  were used in  the
c a lc u la tio n  o f the SAW c r i t i c a l  a n g le /v e lo c ity , the  c lo se  agreement
between the  measured and the c a lc u la te d  r e s u l t  suggests th a t  the
m a te ria l i s  r e la t iv e ly  homogeneous. In  th is  case , the SAW c r i t i c a l
a n g le /v e lo c ity  measurement which re p re se n ts  m a te ria l from the
su rface  down to  a  depth o f one w avelength, (about 2mm f o r  2,5MHz
p ro b es), a re  a lso  re p re se n ta tiv e  o f  th e  bu lk .
In  the  r e f l e c t i v i t y  measurement on the  XZ- and YZ-planes
o f an a u s te n i t ic  s te e l  c a s t  we have observed th a t  the  SAW trough
becomes le s s  pronounced as the  p lane o f inc idence  i s  ro ta te d  away
from the  Z -ax is . I t  alm ost com pletely d isappears  in  a  s e c to r  between
45° to  55° angle o f  r o ta t io n  and reappears  again  a t  h ig h er a n g le s .
I t  i s  a lso  in te r e s t in g  to  no te  th a t  f o r  some angles o f r o ta t io n  the
pseudo-surface wave trough i s  more pronounced than  th a t  o f  th e  r e a l
SAW.- S im ila r observ a tio n s  have a lso  been re p o rte d  in  the  case o f
a  w ater/copper i n t e r f a c e . ^  '  ^  In  th e  case o f copper which has a
cubic symmetry, the  d ire c t io n  where no SAW e f f e c t  can be observed,
coincided  w ith  the  fo rb idden  reg io n s  re p o rte d  by e a r l i e r  th e o r e t i -  
35—39c ia n s . '  However, the  ex isten ce  o f fo rb idden  reg ions in  any c r y s ta l
44has been re je c te d  by F a m e ll .
For is o tro p ic  s o l id s ,  r e f le c te d  beam e f fe c ts . .e x is t
whenever S h e l l 's  Law i s  s a t i s f i e d .  On an a n iso tro p ic  s o l id  on the
o th e r hand, r e f le c te d  beam e f fe c ts  can be caused by e i th e r  r e a l  o r
pseudo-SAW mode, bu t the f a c t  th a t  S n e l l 's  Law i s  s a t i s f i e d  does n o t
n e c e s sa r ily  imply the ex isten ce  o f  observab le  e f f e c t s .  In  th i s  c a se ,
Plona e t  a l , ^ ^  suggested th a t  the d iffe re n c e  in  behaviour on i s o t ro p ic
and a n iso tro p ic  so lid s  i s  r e la te d  to  the  p a r t i c le  displacem ent e l l ip s e
33e c c e n tr ic i ty  (PDEE). By adopting* the method suggested by S tone ley , 
we have computed the  PDEE of a  r e a l  SAW in  an a u s te n i t ic  s te e l  c a s t  
in v e s tig a te d  fo r  the  angle o f ro ta t io n  between 0° to  90°  from the
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Z -ax is . The c a lc u la te d  r e s u l t s  o f the PDEE and the  measured SAW 
r e f l e c t i v i t y  f a c to r  a re  shown in  f i g .  23. Due to  the  com plexity o f 
the problem, we have n o t been ab le  to  compute the PDEE f o r  the  
pseudo-SAW. I t  can be seen from f i g .  23 th a t  in  a  s e c to r  where the 
r e f l e c t i v i t y  f a c to r  approaches u n ity , i . e .  between 45° to  58° angles 
o f  ro ta t io n ,  the  PDEE approaches zero . In  o th e r  words, in  a  s e c to r  
where the  SAW e f f e c t  i s  h a rd ly  observab le , the p a r t ic le  displacem ent 
e l l ip s e  i s  elongated  p a r a l le l  to  the f r e e  su rfa c e .
Thus, the  o b se rv a b ili ty  o f  the  SAW e f f e c t  may be in te rp ra te d  
in  terms o f the  PDEE. I t  i s  seen' from f i g .  23 th a t  the  PDEE approaches 
zero  fo r  an angle o f  r o ta t io n  o f about 55°• I t  i s  observed in  th e  
experim ent th a t  no SAW e f f e c t  i s  observed a t  th is  angle o f  r o ta t io n .
In  a d d itio n , i t  i s  observed th a t  th e re  a re  very sm all o r  no SAW 
e f fe c ts  in  a  range o f ang les o f r o ta t io n  between 45° to  58°. This 
im p lies  th a t  the  PDEE need n o t be,-zero in  o rd er th a t  th e  SAW e f f e c t  
v an ish in g ly  sm all, bu t only th a t  PDEE<0.2. On the  o th e r hand, when 
the  PDEE:?-0 .2 , the  minimum r e f le c t io n  i s  r e a d i ly  observab le .
By examining the  th e o re t ic a l  v e lo c ity  o f the s low est bulk  
tra n sv e rse  wave and the  SAW around th is  v ic in i ty ,  we may conclude 
th a t  the  p a r t i c le  motions a re  elongated  p a r a l le l  to  the  f r e e  su rfa ce  
and normal to  the  propagation  v e c to r . Prom f i g .  24 we can see  th a t  
in  th is  v ic in i ty ,  the  SAW propagates a t  alm ost the  same v e lo c i ty  
as the slow est tran sv e rse  wave (T g). Such a  tra n sv e rse  wave has 
i t s  p a r t i c le  displacem ent p o la r ise d  in  the p lane p a r a l le l  to  the  
f r e e  su rface  and normal to  the  p ropagation  d ire c t io n . We conclude 
th a t  the  disappearence o f th e  SAW trough , which might be ra is in te r -  
p ra ted  as th e  nonexistence o f the SAW, i s  in  f a c t  due to  the 
degenera tion  o f the  SAW in to  the bulk  tra n sv e rse  wave. The p re ­
dominantly tran sv e rse  p a r t ic le  motion a sso c ia te d  w ith  the  wave i s
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d i f f i c u l t  to  e x c ite  w ith  a  lo n g itu d in a l wave in  the  w ater and thus 
i t s  o b servation  by r e f le c t io n  technique i s  a lso  d i f f i c u l t . ^
5 -2 .3 . D eterm ination o f the g ra in  o r ie n ta t io n  in  a u s te n i t ic  
s te e l  c a s t  samples u s in g  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  
d a ta .
5 .2 .3 -1 - Experim ental r e s u l t s .
a ) .  R otated SAW c r i t i c a l  a n g le /v e lo c ity  measurement on 
2 -d im ensionally  b ia s  c u t specim ens.
D eriva tion  o f the  s p a t i a l  v a r ia t io n  o f the  columnar g ra in  
ax is  w ith in  the  a u s te n i t ic  s t e e l  c a s t  sample w ith the  change in  
ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  p rovides a  c a l ib ra t io n  f o r  a  
sim ple and quick method o f m onitoring the  te x tu re  v a r ia t io n  in  the  
a u s te n i t ic  weld which has s im ila r  aco u s tic  p ro p e r tie s  w ith  th a t  o f 
the  a u s te n i t ic  s te e l  c a s t .  In  th is  S ec tio n , the  ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  i s  s tu d ied  on specimens which have been c u t in  such a  
way th a t  the  columnar ax is  i s  t i l t e d  a t  an angle oc , from the  f r e e  
su rface  o f the  specim ens. The range o f angle chosen i s  oc a  0 ° , 15°» 
30°, 45°, 60°, 75°, and 9 0 ° .
P ig s . 25(a) and 25(b) show the changes which take p lace  
in  the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity . The curve w ith  o c  = 0° 
re p re se n ts  the ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  on the  XZ-plane. 
For th is  sample, i t  i s  c le a r  th a t  the  curve agrees q u a n t i ta t iv e ly  
w ith th a t  shown in  f i g .  2 1 (a ). As the angle oc in c re a se s  to  15° 
i t  i s  c le a r  th a t  the SAW c r i t i c a l  angle in  the d ire c t io n  p a r a l le l  
to  the  Z '-a x is  in c re a se s  by about 7-8^ from the  p rev ious case .
At b igger angles o f o c , the SAW c r i t i c a l  angle in  th is  d ire c t io n  
in c re a se s , reaches a maximum a t  Oc = 45° and drops again  u n t i l  i t  
becomes minimum a t  o c  -  90° (XY-plane). I t  was a lso  n o tic ed  th a t
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the SAW c r i t i c a l  angle fo r  p ropagation  perpend icu la r to  the Z •-ax is  
a lso  v a rie s  as a  fu n c tio n  of angle oc • However, the  v a r ia t io n  i s  
le s s  pronounced and le s s  d e f in i te  than  th a t  fo r  the Z '-a x is  
p ropagation .
In  the  experim ent described  in  S e c tio n (4 .2 .3 .b )  the  
r e s u l t s  o f which a re  shown in  f ig s .  21(a) and 21(b ), i t  was found 
th a t  the  most pronounced fe a tu re  in  the  ro ta te d  SAW c r i t i c a l  a n g le /  
v e lo c ity  curve on the  XZ- and YZ-planes was the  maximum a t  around 
45° ro ta t io n  from the columnar g ra in  a x is .  However, i t  was observed 
in  th is  experim ent th a t  th is  maximum i s  only dominant fo r  ©c.= 0°
(as was the  case in  S e c tio n (5 .2 .2 .b ) ) ,  and becomes le s s  pronounced 
as oc  in c re a se s  and d isappears a t  e*>45°. I t  was a lso  observed 
th a t  the  p o s it io n  o f th is  maximum was s h if te d  as «  in c re a s e s .
F ig . 25(a) a lso  shows th a t  fo r  oc a 0° to  50°, the  
pseude-SAW mode s t a r t s  to  appear a t  about 30° angle o f r o ta t io n  
and d isappears  a t  60° ro ta t io n  from the  Z *-ax is . The g ra d ie n t o f 
the  curve in c re ase s  s l ig h t ly  w ith  in c re a s in g  o c  . However, a t  oc-45°, 
a  pseudo-SAW mode appears in  a  s e c to r  between 60° to  120° ang les o f 
ro ta t io n  and symmetry about the  X -axis ( i . e .  90° angle o f r o ta t io n ) .  
The magnitude o f the g ra d ie n t o f th is  curve in  a  s e c to r  between 60° 
to  90°  ro ta t io n  i s  alm ost o f the  same o rd e r w ith  those observed 
when oc = 0° to  30° b u t w ith  neg ativ e  s i g n . . At h ig h er ang les o f  oc, 
th e re  i s  no pseudo-SAW mode observed in  the  ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  curve.
One o f the general o b je c tiv e s  o f these  s tu d ie s  i s  to  
explore the  p o s s ib i l i ty  o f u s in g  the  ro ta te d  SAW measurement to  
determ ine the  p re fe rre d  g ra in  o r ie n ta t io n  on the a c c e ss ib le  su rface  
o f the a u s te n i t ic  s te e l  c a s t ,  weld o r c ladd ing . With the  a id  o f 
the re fe ren ce  curves ob tained  in  th is  experim ent and shown in  f i g s . 
25(a ) -and 25(b ) , i t  i s  thus p o ss ib le  to  g e t an es tim atio n  o f th e
-145-
g ra in  o r ie n ta t io n  r e la t iv e  to  the m a te ria l su rfa ce , For example, 
i f  we a re  g iven an unknown a u s te n i t ic  s te e l  c a s t  specimen fo r  which 
the  columnar g ra in  o r ie n ta t io n  i s  re q u ire d , the f i r s t  s te p  i s  to  
produce the ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  curve ( i . e .  f o r  the 
angle o f ro ta t io n  from 0° to  180°). Given th a t  the  t i l t s  o f  the 
columnar g ra in  ax is  r e l a t iv e  to  the specimen*s su rface  a re  only in .  
one known p lan e , the  angle o f g ra in  t i l t  can be defined  by comparing 
the  measured r o ta t io n a l  SAW c r i t i c a l  a n g le /v e lo c ity  dependence w ith 
the  re fe ren ce  curves o f  f ig s .  25(a) and 25 (b ). The l a t t e r  was 
derived  from a  lim ite d  number o f c u ts .  Thus, i f  the measured curve 
seems to  l i e  somewhere between two curves, then w ithout fu r th e r  
in te r p r e ta t io n ,  the  p re c ise  angle o f  g ra in  t i l t  cannot be d e fin ed . 
However, o b servation  o f the  re fe re n ce  curves o f f ig s .  25(a) and 25(b) 
shows th a t  i f  the  SAW c r i t i c a l  a n g le /v e lo c ity  a t  © = 0° ( i . e .  p a r a l le l  
to  the  Z *-axis) and © = 90° (p e rp en d icu lar to  th e  Z '-a x is )  a re  
p lo t te d  as a  fu n c tio n  o f the angle o f c u t (oc:), a  more p re c ise  
'c a l ib r a t io n  curve* can be co n stru c ted  from which the  unknown angle 
o f  g ra in  t i l t  can be a cc u ra te ly  s p e c if ie d . Such a  c a l ib ra t io n  curve 
i s  shown in  f i g .  26.
The use o f th is  c a l ib ra t io n  curve can be i l l u s t r a t e d  as 
fo llo w s. The complete ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  curve 
i s  f i r s t  derived  fo r  a  p o in t on the  unknown .specimen. I f  the  c r i t i c a l  
angle fo r  SAW propagation  p a r a l le l  to  the  Z '-a x is  i s  40°32* and th a t  
fo r  SAW propagation  perp en d icu la r to  the  Z '-a x is  i s  33°52 ', then  
re fe re n ce  to  the c a l ib ra t io n  curve p re d ic ts  th a t  the angle o f g ra in  
t i l t  i s  oc m 37°30 '. (Note th a t  oc = 0° and oc = 90° r e f e r  to  th e  
case when th e  g ra in  ax is  i s  p a r a l le l  and p e rp en d icu la r to  the  f r e e  
su rfa c e , re s p e c tiv e ly ) .  However, fo r  any angle o f g ra in  t i l t ,  i t  i s  
very u n lik e ly  th a t  the  measured SAW c r i t i c a l  angle in  the Z '-a x is  
and perp en d icu la r to  i t  w il l  correspond to  s in g le  value o f angle o f
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g ra in  t i l t .  Such a s i tu a t io n  w ill  only be achieved i f  the aco u stic  
p ro p e r tie s  o f the measured specimen and those o f the  s tandard  
m a te ria l a re  id e n t ic a l  which may be u n lik e ly  in  the case o f a u s te n i t ic  
s te e l  m a te r ia ls . Uneven d is t r ib u t io n  o f the  chem ical com position 
during  the s o l id i f i c a t io n  o f such m a te ria ls  r e s u l t s  in  s l ig h t  
d iffe re n c e  in  aco u s tic  p ro p e r tie s  from p o in t to  p o in t in  the s im ila r  
specimen and from one m a te ria l to  the o th e r .
The am biguities in  use o f  th is  c a l ib ra t io n  curve can be 
reso lv ed  by forming an a l te rn a t iv e  c a l ib ra t io n  curve u sing  the 
d iffe re n c e  in  SAW c r i t i c a l  angle fo r  the  wave p ropagation  p a r a l le l  
and p erp en d icu la r to  the  Z ‘- a x is ,  ( ^ ) ,  as a param eter and p lo t t in g  
i t  as a  fu n c tio n  o f the angle o f c u t, (o c ) . In  2-d im ensionally  b ia s  
cu t specim ens, th is  angle i s  the  angle between the columnar g ra in  
ax is  and the  f r e e  su rfa c e . The c o r re la t io n  between and Oc i s  
shown in  f i g .  27. At f i r s t  s ig h t ,  i t  w il l  seem th a t  the  measurement 
o f ^  fo r  the  unknown specimen could y ie ld  up to  th ree  p o ss ib le  
angles fo r  the  re q u ire d  g ra in  t i l t  OC* However, as c le a r ly  in d ic a te d  
in  f i g .  27, th is  c a l ib ra t io n  curve may be d iv ided  in to  th re e  re g io n s , 
each corresponds to  a  d i f f e r e n t  type o f ro ta te d  SAW c r i t i c a l  a n g le /  
v e lo c ity  curve as fo llow s;
1 ) . A reg io n  c h a ra c te r is e d  by the  ro ta te d  SAW .-.curve whose
" o
c r i t i c a l  angle along the  Z’-a x is  i s  lowerc than th a t  a t  90 to  i t
and accompanied by the  pseudo-SAW mode.
2 ) . A reg io n  c h a ra c te r is e d  by the ro ta te d  SAW curve whose 
c r i t i c a l  angle along the  Z’-a x is  i s  h ig h e r than th a t  a t  90° to  i t ,  
a lso  accompanied by the pseudo-SAW mode.
3 ). A reg io n  c h a ra c te r is e d  by the ro ta te d  SAW curve whose 
c r i t i c a l  angle along the Z '-a x is  i s  a lso  h ig h e r than th a t  a t  90° to  
i t  bu t w ithout the pseudo-SAW mode.
Thus, i t  i s  c le a r  th a t  the ex is ten ce  o f the  pseudo-SAW
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mode i s  im portan t to  d is tin g u is h  between curves o f type 2 o r 3.
During the course o f the  measurement, i f  i s  found to  be 1 0 0 ', 
then the angle o f g ra in  t i l t  r e la t iv e  to  th e  f re e  su rface  could be 
e i th e r  5°> 18 ,5° o r 82°. I f  th e re  i s  no pseudo-SAW mode observed 
in  the measurement, ( i . e .  corresponds to  curve o f type 3)» then 
th is  c a l ib ra t io n  curve in d ic a te s  th a t  the angle o f  g ra in  t i l t  
oc = 82°. However, i f  the  pseudo-SAW mode i s  observed, the  SAW 
c r i t i c a l  angle along the  Z*-axis (0z ,) ,a n d  X*-axis (0X,)  w il l  d e te r ­
mine the angle o f g ra in  t i l t .  I f  0Z , <  0 f , then oc = 5° and i f  
0Z , >1 0 £ f , then  the  angle o f g ra in  t i l t  oc  -  1 8 .5 ° .
The only  problem o f u sing  th i s  c a l ib r a t io n  curve i s  when 
the  angle o f g ra in  t i l t  i s  in  the range between 50° to  55°* In  th i s  
range o f g ra in  t i l t ,  the  ro ta te d  SAW curve i s  very  d i f f i c u l t  to  
d is t in g u is h . F o rtu n a te ly , in  p ra c t ic e ,  the  columnar g ra in s  w ith in  
the  weld and cladd ing  a re  r a r e ly  t i l t e d  by as much as 45°. F u r th e r­
more, a t  th i s  range o f  g ra in  t i l t ,  the  u ltr a s o n ic  wave v e lo c i ty  i s  
le s s  s e n s i t iv e  to  the  p ropaga tional d ire c t io n  compared to  th a t  ly in g  
o u ts id e  th is  range. For example, the  lo n g itu d in a l wave v e lo c i t ie s  in  
the  c a s t  in v e s tig a te d  f o r  p ropagation  d ire c tio n s  o f 50° and 55° a re  
6l56m/s and 6l29m /s, ( i . e .  0 .44^ v a r ia t io n ) ,  r e s p e c tiv e ly . On the  
o th e r hand, fo r  p ropagation  d ire c t io n  from 0° to  5° from the  g ra in  
a x is ,  the lo n g itu d in a l wave v e lo c ity  v a r ie s  from 5207m/s to  5254m/s, 
i . e .  1 .0 ^  v a r ia t io n .
b ) .  Rotated SAW c r i t i c a l  a n g le /v e lo c ity  measurement in  
5-dimensionall:y b ias  cu t specim ens.
The previous Section  took the  f i r s t  s te p  to  co n sid er the  
case where the g ra in  ax is  i s  t i l t e d  out o f the  a c c e ss ib le  su rface  
o f the specimen. Only t i l t s  in  one known plane were considered .
The c u rre n t S ection  considers  the case o f a  com bination o f  t i l t s  in
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2 m utually  p e rp en d icu la r d ire c t io n s , and p .  For th is  s tudy , 
a u s te n i t ic  s te e l  c a s t  specimens were p repared  in  a  manner d escribed  
in  S ec tion(4*2 .4*b). The r e s u l t s  o f th is  study  are ..p resen ted  in  
f ig s .  28(a) to  2 8 (e ).
F ig . 28(a) shows a fam ily  o f curves fo r  oc -  15° and 
jb = 0 ° , 10°, 20°, and 30°. I t  i s  c le a r  from th is  f ig u re  th a t  a t  
p  s  0 ° , the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  i s  id e n t ic a l  to  th a t  
o f the  2-dim ensional case w ith  oC a 15°. The a f f e c t  on th i s  curve o f 
in tro d u c in g  the  t i l t  angle p> i s  n o t to  a l t e r  the shape, bu t to  
produce a  p ro g ressiv e  bod ily  s h i f t  to  h igher ang les o f r o ta t io n .
For the specimens w ith  » 50°, i t  i s  c le a r  from f ig .  26(b) th a t  the  
displacem ent o f curves w ith  the  in tro d u c tio n  o f angle o f  t i l t  
becomes more pronounced. In  th is  c ase , th e  amount o f the  curve 
displacem ent (S) in c re a se s  w ith  in c re a s in g  jh .
F ig s . 2 8 (c )-2 8 (e) show the fam ily  o f the  curves f o r  o c  -  45°>
60°, and 75°» re s p e c tiv e ly . I t  i s  ev iden t from these  f ig u re s  th a t
in tro d u c in g  the  orthogonal t i l t  n o t only causes p ro g ress iv e  curve 
displacem ent b u t a lso  changes th e i r  shape from th a t  when = 0 ° .
U nlike in  the  case where oc «t 15° and 30°, the displacem ents o f the  
curves in  f ig s .  2 8 (c )-(e )  a re  very  pronounced and in  most cases 
t h e i r  shapes a re  to t a l l y  d i f f e r e n t  from those where = 0 ° .
In  g e n e ra l, then , i t  was found th a t  fo r  each o f the  fam ily
o f the  curves, th e i r  displacem ents from the  p o s it io n  when = 0°,
becomes more and more pronounced w ith  in c re a s in g  angles o f  oc. For 
example, a t  oc s  0 ° , the  e f f e c t  o f in tro d u c in g  angle ^ upon the  
curve displacem ents i s  h a rd ly  observab le . However, when OC m 75° 
and « 10°, the  curve i s  d isp laced  by as much as 38° and. s i g n i f i ­
c a n tly  changed in  shape.
The conclusion  th a t  can be made from th is  o b se rv a tio n  i s  th a t  
the c u t in  the th ir d  dimension does n o t have any e f f e c t  on th e  b a s ic
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SAW propagation  phenomenon in  the a u s te n i t ic  s te e l  c a s t .  The 
in tro d u c tio n  o f angle causes the g ra in  to  he o rie n te d  s p a t i a l ly  
r a th e r  than in  one known, p r in c ip a l  p lan e , (as in  the case o f 2 - 
d im ensionally  b ia s  cu t specim ens). Such a conclusion  i s  based on the 
o b servation  th a t  a t  .any combinations o f angle ec and p  , the 
measurement of the  rotated-SAW c r i t i c a l  a n g le /v e lo c ity  on each 
specimen y ie ld s  a  curve -which in  c e r ta in  range o f  angle o f r o ta t io n  
(90° a p a r t)  con ta in s  a  fe a tu re  resem bling one o f the re fe re n ce  curves 
o f f ig s .  25(a) and 25(b ) ,  which a re  re fe r re d  as 2-dim ensional c ase , 
bu t w ith  i t s  apparen t symmetry ax is  d isp laced  a t  some angle from 
the p r in c ip a l ax is  where the  measurement i s  s ta r te d .
Thus, fo r  a  g iven  a u s te n i t ic  s te e l  c a s t  specimen, the  
s p a t ia l  g ra in  o r ie n ta t io n  r e la t iv e  to  the  a c c e ss ib le  su rface  may be 
determ ined as fo llo w s. F i r s t ,  the  complete ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  curve i s  measured fo r  angles o f r o ta t io n  a t  l e a s t  
from 0° to  180°. (Note th a t  the SAW measurement fo r  ang les o f r o ta t io n  
from 0° to  90° may n o t be ab le  to  g ive  any in fo rm ation  about the  g ra in  
o r ie n ta t io n  except in  a  very  sp e c ia l case where the  g ra in s  a re  t i l t e d  
s t r i c t l y  in  the  plane th a t  con ta in s  the  p r in c ip a l  a x is ) .  From the 
curve o b ta ined , i t  w il l  appear th a t  in  a  c e r ta in  range o f the  angle 
o f ro ta t io n  which i s  90° a p a r t ,  a  curve which i s  comparable to  one o f 
the re fe ren ce  curves o f  f ig s .  25(a) and 25 (b ), would be o b ta in ed .
From th is  curve and r e fe r r in g  to  the  c a l ib ra t io n  curve o f f i g .  27* 
the  angle o f g ra in  t i l t  may be o b ta ined . The an g le  o f . the  g ra in  
t i l t  from, the p r in c ip a l ax is  on the f r e e  su rface  i s  determ ined by 
m easuring the  angle between the  apparen t symmetry ax is  and the 
p r in c ip a l ax is  shown in  the curve. For fu tu re  re fe re n c e , th is  angle  
i s  c a lle d  the angle o f d ev ia tio n  (6 ) .
The procedure o f p re d ic tin g  the g ra in  o r ie n ta t io n  in  
a u s te n i t ic  s te e l  c a s t specimens i s  b e s t understood by r e f e r r in g  to
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the s p e c if ic  case where oc m 75° and = 30°, as shown in  f ig .2 f f (e ) . 
With the a id  o f the c a l ib ra t io n  curve o f SAW c r i t i c a l  angle 
d iffe ren c es  ( ^ )  a g a in s t the angle o f gTain t i l t  (o^) deriv ed  from 
the a u s te n i t ic  s te e l  c a s t ,  i t  i s  p o ss ib le  to  estim ate  th e  o v e ra ll  
angle o f t i l t  o f  the  g ra in  ax is  r e la t iv e  to  the f r e e  su rface  ($ ) .
The r e s u l t s  o f th is  e stim atio n  a re  summarised in  ta b le  8 where the 
angle o f d e v ia tio n  i s  denoted by £ , and. the  angle o f g ra in  t i l t  
from the  f r e e  su rface  denoted by The ro le  o f th ese  ang les in  the 
co n s tru c tio n  o f an u l tr a s o n ic  pole f ig u re  i s  i l l u s t r a t e d  in  f i g .  29* 
The p o s it io n  o f th ese  angles r e la t iv e  to  the  p r in c ip a l axes in  the  
C artes ian  coo rd ina te  system i s  shown in  f i g .  30.
G eom etrically , i t  i s  p o ss ib le  to  r e l a t e  the a n g le s -o f  c u t 
in  m utually  p e rp en d icu la r p lan es , oCand and the  r e s u l ta n t  s p a t i a l  
g ra in  o r ie n ta t io n  they  produce. Thus, th e  r e s u l t s  o f th i s  experim ent 
provide good opp o rtu n ity  to  examine the  f e a s i b i l i t y  o f th e  SAW 
technique in  determ ining the  g ra in  o r ie n ta t io n  in  unknown specimens 
o f  an a u s te n i t ic  s te e l  c a s t .  The experim en tally  determ ined and th e  
c a lc u la te d  r e s u l t s  o f the  s p a t i a l  g ra in  o r ie n ta t io n  in  3-d iraensionally  
b ia s  cu t specimens a re  p resen ted  in  ta b le  8 and w il l  be d iscu ssed  in  
the  n ex t S ec tion .
5 .2 .3 .2 .  D iscussion
The o r ig in a l  purpose o f th is  work i s  to  examine the 
p o s s ib i l i ty  o f using  the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  measure­
ment to  determ ine the g ra in  o r ie n ta t io n  on the a c c e ss ib le  su rface  
o f a u s te n i t ic  s te e l  welds and c ladd ing . For such a purpose, th e  use 
o f comparison standards i s  re q u ire d . The use o f a s tandard  m a te ria l 
i s  always d e s ira b le , bu t th e re  may be some problems in  p rep a rin g  
m a te ria l w ith a c o n tro lle d  g ra in  o r ie n ta t io n . To use the  r o ta te d  SAW 
d a ta  fo r  te x tu re  e v a lu a tio n , i t  w ill  be necessary  to  determ ine th e
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oc P ANGLES OF DISP.(6) ANGLES OF TILT(X)
CALC. EXPT. CALC. EXPT.
15.0° 0 .0 ° 0 .0 ° 0 .0° 15.0° 15.0°
10.0 2.7 0 .0 14 .8 14.0
20.0 5 .2 5 .0 14.1 14.5
50.0 7.6 7 .0 13.0 15.5
30.0 0 .0 0 .0 0 .0 30.0 29.5
10.0 5.7 5 .0 29.5 29.5
20.0 11.1 10.0 28.0 29.0
30.0 16.1 . 13.0 25.6 27.5
45.0 0 .0 0 .0 0 .0 45.0 44.0
10.0 9 .9 12.0 44.1 45.0
• 20.0 18.9 21.0 41.6 46.0
30.0 2 6.6 30.0 57.8 56.5
60.0 0 .0 0 .0 0 .0 60.0 60 .0
10.0 16.7 21.0 58.5 57.5
20.0 30.6 28.0 54 .4 57.0
30.0 40.9 45.0 48.6 48.0
75.0 0 .0 0 .0 0 .0 75.0 75.0
10.0 . 52.9 38.0 72.0 72.5
20.0 51.9 54.0 65.2- 6 7 .0
30.0 61.8 67.0 56.7 55.5
Table 8 • Comparison between th e  c a lc u la te d  and th e  
experim ental r e s u l t s  o f  th e  g ra in  o r ie n ta t io n  in  3- 
d im ensionally  b ia s  c u t specim ens.
c
Angle o f 
d ev ia tio n *  (o)
Angle o f  t i l t  = 0
Angle o f 
d ev ia tio n  = 8
Angle o f  t i l t  = X
Angle o f 
deviation=Q
Angle o f  
t i l t  -  #
•   -----------------
F ig .29 . P o s itio n  o f the  {002} po les c h a ra c te r is e d  by 
th e  angle o f d ev ia tio n  (6 ) , , an d .th e  angle o f t i l t  
(8) ob tained  from a  SAW d a ta .
-157 -
Columnar
k -  -
P ig , 30. The angle of d e v ia tio n  (6 ) , . and the  angle o f t i l t  (&) 
in  c a r te s ia n  coo rd ina te  system .
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d ire c t io n a l  dependence o f the  SAW c r i t i c a l  a n g le /v e lo c ity  in  a 
g iven sample and compare th is  to  the  s tan d a rd . Such a procedure 
would alm ost c e r ta in ly  be capable o f determ ining the  s p a t ia l  g ra in  
o r ie n ta t io n  which i s  necessary  fo r  u l t r a s o n ic  in sp ec tio n  o f th is  
m a te r ia l.
In  our work, the  a c tu a l m e ta llu rg ic a l co n d itio n  which 
e x is ts  w ith in  the  a u s te n i t ic  s te e l  weld and cladd ing  i s  sim ulated  
by u sing  the  a u s te n i t ic  s t e e l  c a s t .  This c a s t  was u n id ir e c t io n a lly  
s o l id i f ie d  to  g ive  a  h ig h ly  a lig n ed  columnar g ra in  s tru c tu re  appro­
p r ia te  fo r  the  SAW study . The method used to  achieve u n id ire c t io n a l
53s o l id i f i c a t io n  i s  d escribed  elsew here. '
I t  i s  a  w ell known f a c t  th a t  as the  r e s u l t  o f the  welding 
o p e ra tio n , the  g ra in s  w ith in  the  a u s te n i t ic  s te e l  weld and c ladd ing  
a re  s p a t i a l ly  o r ie n te d  w ith  the  s o l id i f i c a t io n  d ire c t io n  and to  a  
le s s e r  e x te n t a  welding d ire c t io n , d ic ta t in g  the  f in a l  g ra in  
o r ie n ta t io n . This co n d itio n  i s  sim ulated  by c u tt in g  sev e ra l 
a u s te n i t ic  s te e l  c a s t  specimens w ith  d i f f e r e n t  com binations o f 
angle o f cu t,ocand  j3.
In  a  previous S ection  we have shown th a t  by n o tin g  the  
angu lar p o s it io n  o f the  SAW trough in  the  u l tr a s o n ic  r e f l e c t i v i t y  
p lo t ,  i t  i s  p o ss ib le  to  determ ine th e  SAW v e lo c i ty  on an a u s te n i t ic  
s t e e l  c a s t  in  le s s  than one m inute. We have a lso  shown th a t  th e  
r e f le c t io n  technique may be used to  examine the  an iso tro p y  o f  the 
c a s t  by perform ing the ro ta te d  SAW measurement on i t s  su rfa c e .
The to ta l  time needed to  perform such a measurement i s  u s u a lly  
le s s  than  15 m inutes, probably the f a s t e s t  way o f determ ining  the  
e l a s t i c  an iso tro p y  o f a  m a te r ia l.
Because o f i t s  s im p lic ity  and speed o f o p e ra tio n , th i s  
technique may be used to  determ ine the p re fe rre d  g ra in  o r ie n ta t io n  
in  a u s te n i t ic  s te e ls  w ith  a  columnar g ra in  s t ru c tu re .  Such an
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assessm ent i s  commonly accomplished by the X-ray pole f ig u re  measure­
ment. However, the la rg e  amount o f d e ta i le d  and q u a n ti ta t iv e
in fo rm ation  about the g ra in s  which an X-ray po le  f ig u re  y ie ld s  a re  
n o t needed in  conventional u l tra s o n ic  te s t in g .  In  such a  t e s t in g ,  
the only in fo rm ation  needed i s  the o r ie n ta t io n  o f the  < 1 0 0 >  ax is  
w ith  re sp e c t to  the  f r e e  su rface  where the t e s t  i s  perform ed. I t  
seems th a t  such in fo rm ation  may be ob tained  e a s i ly  by u s in g  the 
ro ta te d  SAW d a ta .
To determ ine the  g ra in  o r ie n ta t io n  in  the  a u s te n i t ic  s te e l  
c a s t  in v e s t ig a te d , f i r s t  we must co n sid er the  case where the  t i l t  o f 
the <  100>  g ra in  ax is  i s  r e s t r i c t e d  in  one p lane on ly , i . e .  th e  
XZ-plane. The c a lc u la te d  and the  measured ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  on th is  p lane  i s  shown in  f i g .  2 1 (a ). C onsider the 
f i r s t  quadrant on ly , (ang les o f ro ta t io n  from 0° to  9 0 °). There 
e x is t  fo u r d i s t in c t  fe a tu re s  th a t  may be used as an in d ic a tio n  o f 
the  g ra in  o r ie n ta t io n  w ith in  the  m a te ria l in te r ro g a te d , i . e .
1 ) . The minimum along the  2 -ax is  which i s  known to  be the  
C 1 0 0 >  a x is .
2 ) . The maximum a t  around 45° angle o f r o ta t io n  from 
the  < “ lOQT  ^ a x is .
3 ) . Another minimum a t  about 60°-65° angle o f r o ta t io n  
from the  < 100  > - a x is .
4 ) . Another maximum along the  X -ax is.
Of a l l  th e se , the  f i r s t  and the fo u r th  fe a tu re s  a re  the  most 
r e l i a b le  in d ic a to rs  o f th e  g ra in  o r ie n ta t io n . This i s  so because 
the SAW trough along the  Z -axis and perp en d icu la r to  i t  i s  the  
most c le a r ly  pronounced, and hence the  SAW c r i t i c a l  angle and i t s  
corresponding v e lo c ity  can be determ ined a c c u ra te ly . The SAW trough 
a t  45° angle o f ro ta t io n  i s  h a rd ly  observable due to  the e lo n g a tio n
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o f the p a r t i c le  displacem ent e l l ip s e .  In  the range between 60° to  
65° angle o f  ro ta t io n  from the  Z -ax is , the SAW and the pseudo-SAW 
troughs a re  s i tu a te d  very  n ear to  each o th e r such /th e  e r ro r  o f 
determ ining the  SAW c r i t i c a l  a n g le /v e lo c ity  in  th is  range o f angle 
i s  much g re a te r .  However, the ex is ten ce  o f these  fe a tu re s  on the 
ro ta te d  SAW curve i s  s t i l l  n ecessa ry , e sp e c ia lly  in  e s ta b lis h in g  the  
symmetry model o f the  m a te r ia l.
In  the c a s t  in v e s tig a te d  in  th is  experim ent, the  s o l i d i f i ­
c a tio n  was c o n tro lle d  such th a t  the columnar g ra in s  produced a re  
h igh ly  a lig n ed  p a r a l le l  to  the  Z -ax is . This in  tu rn  produces a  
ro ta te d  SAW curve n ic e ly  s i tu a te d  w ith  the  <100>- ax is  p a r a l l e l  to  
the  designated  Z -ax is . I f  the  -^ 1 0 0 >  ax is  i s  d ev ia ted  from the  
Z -ax is and the d e v ia tio n  i s  r e s t r i c t e d  on  the  XZ-plane on ly , a  curve 
w ith s im ila r  fe a tu re s  would be produced, b u t i t  would be d isp la ce d  
from i t s  o r ig in a l  p o s it io n  by an angle s im ila r  to  the angle  o f 
d ev ia tio n  (6) .  The o r ig in a l  p o s it io n  i s  defined  as the  p o s i t io n  
shown in  f ig s .  21(a) and 21 (b ), where the Z -axis i s  made p a r a l le l  
to  the s o l id i f i c a t io n  d ire c t io n .  For example, i f  the  ro ta te d  SAW 
curve i s  d isp laced  by 45° toward the  l e f t  d ir e c t io n ,  i t  means th a t  
the C  l O O  ax is  i s  d ev ia ted  by 45° from the Z -ax is in  an a n t i ­
clockw ise d ire c t io n  toward the  X -axis o f the  specimen. The p o s i t io n  
o f the angle o f the curve disp lacem ent, hence the  angle o f  g ra in  
d ev ia tio n  (6) i s  shown on the  s p i r a l  te x tu re  paper o f f i g .  29 .
In  th is  case where the d ev ia tio n  i s  r e s t r i c t e d  on the XZ-plane on ly , 
the (200) po les were s i tu a te d  on the  perip h ery  o f the f ig u re .
T X7 1 y|7
Unlike in  a  s in g le  cubic c ry s ta l  o f copper, ’ a  
s in g le  SAW c r i t i c a l  a n g le /v e lo c ity  measurement does n o t y ie ld  any 
in fo rm ation  about the g ra in  o r ie n ta t io n  in  the  a u s te n i t ic  s t e e l  
c a s t .  As an example, a  s in g le  measurement o f SAW c r i t i c a l  a n g le /  
v e lo c ity  a t  25° angle o f ro ta t io n  from the  Z -ax is g ives a  common
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r e s u l t  w ith  the  measurements made fo r  57° and 73° angle o f ro ta t io n  
from th is  a x is . Thus, i t  i s  c le a r  th a t  i f  the  SAW i s  to  he used 
to  determ ine the g ra in  o r ie n ta t io n , i t  i s  necessary  to  examine the 
complete ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  ( a t  l e a s t  up to  180° 
angle o f r o ta t io n ) ,  so th a t  a t  l e a s t  the s e t  o f fo u r fe a tu re s  
mentioned e a r l i e r  can be observed.
So f a r  we have d iscussed  the  p o s s ib i l i ty  o f u s in g  the  
SAW d a ta  to  determ ine the g ra in  o r ie n ta t io n  in  the r e s t r i c t e d  case 
where the  g ra in  ax is  i s  d ev ia ted  from the  Z -ax is in  the XZ-plane 
on ly . In  p ra c t ic e ,  the  u sual m e ta llu rg ic a l co n d itio n  which e x is t s  
in  a u s te n i t ic  s te e ls  w ith  a  columnar g ra in  s tru c tu re  i s  th a t  the
g ra in s  a re  a lso  t i l t e d  a t  an angle (%) away from the  f r e e  su rfa c e .
177A s im ila r  co n d itio n  has a lso  been observed to  occur in  tita n iu m . *
In  1974> an a ttem pt was made to  use the ro ta te d  SAW d a ta  to  determ ine
the  g ra in  o r ie n ta t io n  in  th is  m eta l. However, la ck  o f knowledge o f
the  theory  o f SAW propagation  in  such m a te r ia ls  lead s  to  the
179doub tfu l in te rp re ta t io n  o f the  d a ta  o b ta in ed .
To enable us to  c o n s tru c t a  complete u l tr a s o n ic  po le  
f ig u re  id e n t ic a l  to  th a t  ob tained  by the X-ray techn ique, a  c o rre ­
l a t io n  between the  angle o f t i l t  o f the g ra in  ax is  from the  f r e e  
a c c e ss ib le  su rfa c e , (<!>), and the ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  
has to  be e s ta b l is h .  In  S e c tio n (5 .2 .3 .a )  we have shown th a t  the  
most lo g ic a l param eter th a t  can be r e la te d  d i r e c t ly  to  the  angle 
o f g ra in  t i l t  i s  the  SAW c r i t i c a l  angle d if fe re n c e , (A )»
= SAW c r i t i c a l  angle along the Z '-a x is  ( ^ i )  “  SAW c r i t i c a l  
angle along the  X’-a x is  (For the coo rd ina te  system , r e f e r
to  f i g .  12 ). A c a l ib ra t io n  curve i s  then co n stru c ted  which g ives 
the d i r e c t  re la t io n s h ip  between and the angle o f g ra in  t i l t  ( « )  
as shown in  f i g .  27. For 3-dim ensional b ia s  c u t specimens the  angle  
o f g ra in  t i l t  oc s
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In our experiment, the specimens have been machined, in  a
way such th a t  the g ra in s  were t i l t e d  from the su rface  w ith  the  t i l t  
r e s t r i c t e d  to  be p a r a l le l  to  the Y 'Z '-p lan e . Consequently, the 
ro ta te d  SAW curves ob tained  from these  specimens a re  sym m etrical 
about the X -axis. In  th is  case , the angle o f g ra in  t i l t ,  (&), 
derived  from a  c a l ib ra t io n  curve in d ic a te s  the d ep artu re  o f the  
columnar g ra in  ax is  from the  Z '-a x is  toward the Y '-ax is  o f the  
specimen. I f  the g ra in s  a re  now t i l t e d  a r b i t r a r i l y ,  i . e .  n o t p a r a l le l  
to  the  Y 'Z '-p la n e , the  curve would no lo nger be sym m etrical about 
th e  X -ax is . In s te a d , the  ax is  o f symmetry would be d isp laced  from 
the X -axis by an angle S .  For example, i f  the  columnar g ra in  ax is  
i s  t i l t e d  by 45° from the su rface  and d ev ia ted  by 30° from th e  Z '-  
ax is  in  an an tic lockw ise  d ire c t io n ,  then the  ro ta te d  SAW curve p ro­
duced would be s im ila r  to  th a t  shown in  f i g .  25(a) fo r  o c  = 45°, bu t 
w ith  i t s  ax is  o f symmetry d isp laced  by 30°  from the  p r in c ip a l axes 
(Z f o r X '-a x is )  toward the  l e f t  d ir e c t io n .
Thus, i t  i s  c le a r  th a t  a  complete ro ta te d  SAW d a ta  s e t  
y ie ld s  q u a n ti ta t iv e  d e sc r ip tio n  o f th e  g ra in  o r ie n ta t io n  on th e  
m a te ria l su rface  where the  measurement i s  perform ed. Such inform a­
tio n  i s  ob tained  by n o tin g  the  angle o f curve displacem ent which 
corresponds to  the  angle o f g ra in  d e v ia tio n , (4 ) ,  and th e  ang le  o f
co n s tru c tio n  o f an u ltr a s o n ic  pole f ig u re  which i s  id e n t ic a l  to  
th a t  ob tained  by the  X-ray techn ique. The p o s it io n  o f  the  (200) 
po les  fo r  a  curve which corresponds to  the  angle o f g ra in  d e v ia tio n
g ra in  o r ie n ta t io n  in  a u s te n i t ic  s te e l  c a s t  samples w ith  unknown 
g ra in  o r ie n ta tio n s  was then examined. The a c tu a l m e ta llu rg ic a l 
co n d itio n  th a t  e x is ts  in  a u s te n i t ic  s te e l  welds and c ladd ing  was
I t  i s  th ese  angles th a t  a re  necessary  in  the
(4 ) , and the angle o f  g ra in  t i l t ,  (H) i s  shown in  f ig s .  29 and 30. 
The a p p l ic a b i l i ty  of th is  technique in  e s tim atin g  the
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sim ulated  by p rep arin g  sev e ra l specimens w ith sev e ra l com bination 
o f c u tt in g  an g les , oc andj£ ,(for the d e f in i t io n  o f these  an g les , 
r e f e r  to  f i g .  13)• The ro ta te d  SAW curves ob tained  from these  
specimens a re  p resen ted  in  f ig s .  2 8 (a )-2 8 (e ) . G eom etrically , i t  
i s  p o ss ib le  to  r e l a t e  the c u tt in g  an g les , oc a n d p w ith  the r e s u l ta n t  
g ra in  o r ie n ta t io n  w ith re sp e c t to  the  new a c c e ss ib le  su rfa c e . This 
re la t io n s h ip  i s  i l l u s t r a t e d  in  f ig .  31. The r e s u l t s  o f the c a lc u la te d  
and the  estim ated  g ra in  o r ie n ta t io n  in  th ese  specimens a re  summarised  
i n  ta b le  8. I t  can be seen th a t  the  c a lc u la te d  and the  estim ated  
r e s u l t s  a re  in  e x c e lle n t agreem ent. The w orst d iscrepancy  between 
the  c a lc u la te d  and th e  estim ated  r e s u l t s  occurs i n  specimens, w ith  
Oc = 75°• This d iscrepancy  may be brought about by an i n i t i a l  
m isalignm ent between the  p lane o f the  tran sd u cers  and the  p r in c ip a l  
ax is  o f the  specimen where the  measurement should s t a r t .  I t  may 
a lso  be due to  m isalignm ent o f the  columnar g ra in s . As s ta te d  in  
S e c tio n (5 .2 .1 .1 .a ) ,  the  columnar g ra in  ax is  w ith in  the  a u s te n i t ic  
c a s t  in v e s t ig a te d  i s  d ev ia ted  by as much as ±10° from th e  average 
g ra in  a x is .  However, the s u f f ic ie n t ly  c lo se  agreement between the  
c a lc u la te d  and the  experim ental r e s u l t s  prove th a t  the method th a t  we 
have developed to  determ ine the g ra in  o r ie n ta t io n  in  a u s te n i t ic  
s te e l  c a s t  samples i s  as good as the  X-ray techn ique. P rov id ing  
th a t  we a lread y  have the  c a l ib ra t io n  curve of- ’SAW c r i t i c a l  angle 
d if fe re n c e s , ( ^ ) ,  a g a in s t the  angle o f g ra in  t i l t ,  (&), as shown 
in  f ig .  27 , the determ ination  o f the g ra in  o r ie n ta t io n  by th i s  
technique takes le s s  than 15 minutes compared to  2-g- hours u su a lly  
taken by the X-ray technique. The overwhelming advantage i s  th a t  
the SAW technique can be used to  examine the s p a t ia l  v a r ia t io n  o f 
the g ra in  o r ie n ta t io n  w ithout the specimen having to  be c u t up as 
in  the  X-ray technique.
The accuracy o f the d e term ina tion  o f the angle o f
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cc — 
6
where:
g ra in  ax is  in  
2-dim ensional case
g ra in  ax is  in  
3-dim ensional case •
Angle o f g ra in  d e v ia tio n  (4) = tan” ( ta n  oc tanj*>) 
in g le  o f  rg a r in  t i l t  (fy = tan~* ((cos |2 )/p )
P s J ( s in  ^ + cos ex.)
F ig . 31, G eom etrical r e la t io n s h ip  between the ang les o f 
c u t, (oc and )> and the r e s u l ta n t  g ra in  o r ie n ta t io n ,  
(d ic ta te d  by the  angle o f  g ra in  d e v ia tio n  and the  angle 
o f g ra in  t i l t ) .
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g ra in  d e v ia tio n , (4), in  th is  technique depends on the sharpness 
o f the curve along the c lO O >  ax is  ( fo r  the g ra in  t i l t  r e s t r i c t e d  
in  the  XZ-plane o n ly ), o r Z '-a x is  ( fo r  the  g ra in  t i l t  in  a r b i t r a r y  
p lane) and p erp en d icu la r to  i t .  I f  the  change in  the c u rv e 's  g ra d ie n t 
a t  th ese  d ire c tio n s  i s  d r a s t ic ,  then the  angle between the  apparen t 
symmetry ax is  and the  p r in c ip a l ax is  can be determ ined a c c u ra te ly . 
However, g re a te r  e r ro r  could r e s u l t  i f  th is  change i s  le s s  d r a s t i c .  
Furtherm ore, the  accuracy o f the  d e term ina tion  o f  the  angle  o f  g ra in  
d e v ia tio n , (4 ) , a lso  depends on the  i n i t i a l  alignm ent between the  
tran sd u cers  p lane and the  p r in c ip a l a x is ,  (u su a lly  considered  as 
© m 0 ° ) . At p re s e n t, such an alignm ent i s  done v is u a l ly  and th i s  
may c o n tr ib u te  some e r ro r  in  the  de term ina tion  o f the angle o f g ra in  
d e v ia tio n . However, in  general an experim ental e r ro r  o f le s s  than  
±5° has been achieved. On the  o th e r hand, b e t te r  accuracy has been 
achieved in  the  determ ination  o f the  angle o f g ra in  t i l t ,  (!(). From 
the  c a l ib ra t io n  curve, i t  can be seen th a t  the  angle o f g ra in  t i l t  
can be determ ined w ith  an e r ro r  o f le s s  than *>1°. F o r tu n a te ly , in  
conventional u l tr a s o n ic  in sp e c tio n , e sp e c ia lly  where th e  normal beam 
i s  employed, i t  i s  the  angle o f t i l t  (H) and n o t the angle o f g ra in  
d e v ia tio n  (4) th a t  i s  re sp o n sib le  in  causing  the  beam skewing, beam 
d e v ia tio n , e tc .  Thus an e r ro r  o f only *1° i s  regarded  as a cc e p tab le . 
For example, consider the  w orst case where the  -s:100>- g ra in  ax is  i s  
o rie n te d  15° from the su rface  where the measurement i s  c a r r ie d  o u t.
At th is  an g le , the  beam i s  d ev ia ted  by 18° from i t s  in tended  
propagation  d ire c t io n . An e r ro r  o f *1° in  the  o r ie n ta t io n  o f the  
g ra in  a t  th is  angle corresponds to  only 0,3$  e r ro r  in  the beam 
d e v ia tio n .
Thus, we conclude th a t  b a s ic a l ly  the  d ir e c t io n a l  dependence 
o f the  SAW c r i t i c a l  a n g le /v e lo c ity  may be used to  determ ine the 
p re fe rre d  g ra in  o r ie n ta t io n  in  a u s te n i t ic  s te e ls  w ith  a  columnar
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g ra in  s t ru c tu re .  The unique re la t io n s h ip  between the SAW c r i t i c a l  
angle d iffe re n c e  (A )»  311(1 ‘th® angle o f g ra in  t i l t  (^) has enable 
us to  produce a  c a l ib ra t io n  curve fo r  an a u s te n i t ic  s te e l  c a s t .
With the  a id  o f th is  curve, a  complete ro ta te d  SAW c r i t i c a l  a n g le / 
v e lo c ity  measured on the  m a te ria l having s im ila r  a co u s tic  p ro p e rtie s  
y ie ld s  the angle o f g ra in  d ev ia tio n  (&) and the  angle o f g ra in  
t i l t  {%) which a re  necessary  in  producing an u l tr a s o n ic  po le  f ig u re .
Given the b asic  c a p a b il i ty ,  the  only  problem encountered 
during  the  co n stru c tio n  o f an u ltr a s o n ic  pole f ig u re  from the 
ro ta te d  SAW d a ta  i s  lo c a tin g  the  (200) po les in  th e i r  r ig h t  p o s it io n . 
In  the  case o f the a u s te n i t ic  s te e l  c a s t  samples th is  was done w ith  
the a id  o f the  macros t r u e tu r a l  o b serv a tio n . Prom a  s in g le  s e t  o f 
ro ta te d  SAW d a ta , i t  i s  on ly  p o ss ib le  to  determ ine the  angle o f 
g ra in  d e v ia tio n  (<5), and the  angle o f g ra in  t i l t  (^ ) .  . Thus, from 
each s e t  o f ro ta te d  SAW d a ta , th e re  e x is t  two p o ss ib le  lo c a tio n s  o f 
the  (200) po les  on the u l tr a s o n ic  pole f ig u re , e i th e r  a t  a  p o in t A o r 
B as shown in  f i g .  32. Such a  problem a r is e s  due to  the symmetry 
p ro p e rtie s  produced by the  columnar g ra in s . Since the m a te ria l 
possesses a  sp e c ia l o r th o tro p ic  symmetry, the ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  fo r  th e  g ra in s  whose (200) po les a re  o r ie n te d  a t  a  
p o in t A and B would be id e n t ic a l .  Thus, in  the  determ ina tion  o f the  
g ra in  o r ie n ta t io n  where the m acrostructu re  o f the m a te ria l i s  n o t 
v i s ib le ,  i t  would appear to  be d i f f i c u l t  to  d esc rib e  th e  ab so lu te  
o r ie n ta t io n  o f the g ra in  from the  ro ta te d  SAW d a ta  a lo n e . However, 
c e r ta in  d a ta  about the weld, such as the  w elding d ire c t io n  might 
h e lp .
The c o rre c t lo c a tio n  o f the (200) po les can in  f a c t  be 
obtained  by knowing the d ire c tio n  o f welding (W+) , the  d ire c t io n  o f 
adding successive  weld runs (p+) and the d ire c t io n  normal to  the  
p lane of the weld la y e rs  (L+) . In  a u s te n i t ic  s te e l  w elds, the
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51 g . 32.  Two p o s s ib le  lo c a t io n s  o f  th e  { 002 j  p o le s  
o b ta in ed  from a  ro ta te d  SAW d a ta .
d i r e c t io n  o f  
th e  columnar 
g ra in  a x is .
x
X
30°
p ig .33• Schematic diagram o f  h e a t flow  and th e  
columnar g ra in  o r ie n ta t io n  fo r  a h o r iz o n ta l-  
v e r t i c a l  w eld .(due to  B aik ie  e t  a l ^  ) .
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columnar g ra in  o r ie n ta t io n  in  each p o s itio n  o f the  weld i s  mainly 
governed by the d ire c t io n  o f the  h ea t flow  in to  the  previous weld 
bead (H^) and the h ea t flow  in to  the previous la y e r  o f weld beads 
(Hz ) .  Consider a p a r t ic u la r  case o f a  h o r iz o n ta l-v s r t ic a l  weld as 
shown in  f i g .  33. I t  can be seen th a t  as a  r e s u l t  o f the  welding 
o p e ra tio n , the  r e s u l ta n t  h ea t f lo w 'v e c to r  (H) and hence the  columnar 
g ra in  ax is  l i e s  on the  quadrant th a t  i s  bounded by the  (P+) and the 
(L+) d ire c t io n s . I t  has a lso  been shown th a t  the r e s u l ta n t  g ra in
65o r ie n ta t io n  was t i l t e d  a t  a  sm all angle toward the w elding d ire c t io n .  
Thus, in  any welded a u s te n i t ic  s te e l , ,  the  < 1 0 0 >  columnar g ra in  ax is  
must l i e  somewhere in  a  segment o f a  sphere bounded by (L+) , (P+) ,  and 
(W+) d ire c t io n s . Consider the  case  shown in  f i g .  32. Without 
knowing th e  d ire c tio n s  o f (L+) ,  (P+) , and (W+) ,  i t  i s  v i r t u a l ly  
im possib le to  decide whether the  (200) po les a re  a t  A o r B. However, 
w ith  these  d ire c tio n s  a t ta c h  to  the  po le  f ig u re , we may conclude th a t  
the  (200) po les a re  lo ca ted  a t  a  p o in t B. Thus, we conclude th a t  the  
exac t o r ie n ta t io n  o f the  columnar g ra in  in  a u s te n i t ic  s t e e l  welds 
and c ladd ing  can be determ ined by u sin g  a  SAW technique p ro v id ing  
the  w elding d ire c t io n  (W+) ,  the  d ire c t io n  o f adding su ccessiv e  weld 
runs (P+) and the  d ire c t io n  normal to  the  p lane o f the  weld la y e rs  
(L+) a re  a lso  d e fin ed .
In  the u l tr a s o n ic  in sp e c tio n  o f a u s te n i t ic  m a te r ia ls  w ith  
a  columnar g ra in  s t ru c tu re ,  e .g . welds and c ladd ing , th e re  a re  two 
types o f in sp ec tio n  th a t  may be used . These a re  in sp ec tio n  where the  
u l tr a s o n ic  beam i s  tran sm itted  normal to  the  a c c e ss ib le  su rfa c e , and 
the in sp ec tio n  w ith an angled beam where the  beam was tra n sm itte d  a t  
an angle from the su rfa c e . For in sp e c tio n  th a t  employs a  normal 
beam, the  only param eter th a t  has to  be determ ined a c c u ra te ly  i s  th e  
angle o f g ra in  t i l t  (fc). Knowing th is  angle which i s  equal to  the  
angle between the columnar g ra in  ax is  and the u l tr a s o n ic  beam a x is ,
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the sound v e lo c ity  and the  beam d e v ia tio n  could be e stim ated . In  
th is  case , the use o f the  SAW r e s u l t s  i s  q u ite  s t r a ig h t  forw ard. 
However, when in sp ec tio n  w ith  an angled beam i s  considered , i t  i s  
very  im portan t to  know n o t only the  angle of g ra in  t i l t  (&;, bu t 
a lso  the  angle o f g ra in  d e v ia tio n  (&) and the  c o rre c t lo c a t io n  o f 
the (200) p o le s . Only by knowing these  param eters can the angle 
between the  u ltr a s o n ic  beam ax is  and the  -c lO O ^ columnar g ra in  
ax is  be estim ated  and hence the  sound v e lo c i ty  and the  angle o f 
beam d ev ia tio n  c a lc u la te d  a c c u ra te ly .
5 .3 . R esu lt and d iscu ss io n  fo r  the  a u s te n i t ic  s te e l  weld.
5.3*1. Texture a n a ly s is  in  the  a u s te n i t ic  s te e l  w eld.
5 .3 .1 .1 *  Experim ental r e s u l t s .
a ) .  Macros tru e  tu r a l  exam ination.
A sk etch  and a  co o rd in a te  system o f the  a u s te n i t ic  s t e e l  
weld in v e s t ig a te d  a re  shown in  f i g .  14. (See se c tio n  4 .3 .2 ) .
P ig s . 34 (a)-34(c) show the  g ra in  s tru c tu re  o f the  l a t e r a l  s e c tio n  
(X Z-plane), the  lo n g itu d in a l se c tio n  (Y Z-plane), and th e  p lan  
se c tio n  (XY-plane) o f th e  weld, re s p e c tiv e ly .
From f ig .  3 4 (a ), i t  i s  c le a r  th a t  the  weld c o n s is ts  o f 
h igh ly  a lig n ed  columnar g ra in s  which o r ig in a te  from th e  fu s io n  
boundary and extend toward the  weld su rfa c e . I t  was observed th a t  
the  tran sv e rse  dimension o f these  g ra in s  ranged from 0.2mm t o c600mm, 
w hile th e i r  lengthw ise dimensions ranged from few m illim e tre s  up 
to  about l6.0mra. E p ita x ia l growth between neighbouring weld beads 
i s  a lso  ev iden t from th is  macrograph. However, in  some re g io n s , 
no tab ly  in  the reg ions ad jacen t to  the  fu s io n  boundary, the  e p i ta x ia l  
growth i s  prevented and new columnar g ra in s  seem to  have been 
n u c lea ted . G enerally , the  g ra in s  s i tu a te d  n ear the  su rface  o f th e
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F i. n 3  4  ( c ) . L  a t e r a i  1 o n a i  t  u d j. n a  1 s  e  c  t  j. o n o f  a b u i  k 
a u s t e n i t i c  w e l d  s p e c i m e n  s h o w i n g  a r e a s  
w h e r e  u l t r a s o n i c  a n d  X - r a y  g o n i o m e t r y  
w a s  c a r r i e d  o u t .
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weld have th e i r  axes alm ost p a r a l le l  to  the Z -ax is . Away from the 
su rfa c e , the columnar g ra in  axes d ev ia te  toward the  X -axis o f the 
weld, (excep t those which l i e  on the weld c e n tr e - l in e ) .  The 
d ev ia tio n  i s  a  maximum in  the  middle s e c tio n  and decreases in  the  
bottom se c tio n  o f  the  weld.
The lo n g itu d in a l s e c tio n  o f the  weld cu t along  the weld 
c e n tr e - l in e  i s  shown in  f i g .  34 (b ). Three d i s t in c t  reg io n s  w ill  
be observed in  th is  f ig u re  as a  r e s u l t  o f  the g ra in  c u rv a tu re .
These a re  the  upper and the  lower reg io n s  which c o n s is ts  o f  a 
columnar g ra in  s tru c tu re  and the  middle s e c tio n  where the  ex is ten ce  
o f th e  columnar g ra in  s tru c tu re  i s  le s s  ev id en t. F in a lly ,  no 
d ire c t io n a l  g ra in  s tru c tu re  was observed on the  XT-plane o f  the  
weld. As ev iden t from f ig .  3 4 (c ) , the  g ra in s  on th is  p lane  a re  o f 
the  polygonal shape which resem bles the g ra in  s tru c tu re  o f  r 
i s o tro p ic  m a te r ia ls .
b ) . X-ray po le  f ig u re  measurement.
In  th i s  S ec tion , the  r e s u l t s  o f  the  po le  f ig u re  measurements
performed on the  XZ-, YZ-, and XY-planes o f the  a u s te n i t ic  s t e e l
weld m etal a re  p resen ted . The measurements were perform ed on
3
twelve specimens o f id e n t ic a l  s iz e ,  i . e .  10 X 10 X 10mm', whose 
p o s it io n  r e la t iv e  to  the  weld s lab  i s  c le a r ly  i l l u s t r a t e d  in  f i g s .  
3 4 (a )-3 4 (c ) . The in c id e n t X-ray was co llim ated  u s in g  a  c i r c u la r  
c o llim a to r o f 5nim. d iam eter. The ty p ic a l (200) pole f ig u re s  ob ta ined  
in  th i s  experim ent a re  shown in  f ig s .  3 5 (a )-3 5 ( j) .
From these  pole f ig u re s ,  i t  i s  c le a r  th a t  th e  a u s te n i t ic  
s ta in le s s  s te e l  weld c o n s is ts  o f a  s tro n g  ^C001> f ib r e  te x tu re  
w ith  i t s  < Q 0 r>  c ry s ta llo g ra p h ic  ax is  p a r a l le l  to  the average 
g ra in  a x is .  The average g ra in  o r ie n ta t io n  w ith in  each specimen was 
l a t e r  measured by measuring the  angle o f g ra in  d ev ia tio n  (<£), and th e
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35(g) YZ-11 35(h) XT-2
35(i) xr-5 35(d) xr-s
Fig* 35* (200) po le  f ig u re s  ob tained  from an a u s te n i t ic  s t e e l  
weld* The plane and the  p o s it io n  o f each specimen where the  
X-ray goniom etry was c a r r ie d  ou t a re  shown in  each po le  figu re*
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angle o f  g ra in  t i l t  (*)• The p o s it io n  o f these  angles in  the 
u l t r a s o n ic  pole f ig u re  i s  i l l u s t r a t e d  in  f i g .  29. For example, 
co n sid er the X-ray pole f ig u re  ob ta ined  from the XZ-plane o f 
specimen 2 shown in  f ig .  3 5 (a ). In  th is  case , the  angle o f g ra in  
d ev ia tio n  .(.6). i s .  defined  as the angle between the Z -axis and the 
cen tre  o f the  {002} r e f le c te d  po les  and can be measured d i r e c t ly  
from the  X-ray po le  f ig u re  by u s in g  a  p ro tr a c to r .  On the  o th e r 
hand, the  angle o f g ra in  t i l t  $ )  i s  d e fined  as th e  angle between 
th e  c en tre  o f the {002} r e f le c te d  p o les  and the  pe rip h ery  o f  the  
po le  f ig u re  and may be estim ated  d i r e c t ly  from the  sc a le  shown on 
th e  1 s p i r a l  te x tu re  p a p e r1. The complete r e s u l t s  o f th ese  measure­
ments a re  shown in  ta b le s  9 (a ) -9 (c ) .
I t  was obvious from th ese  r e s u l t s  th a t  the  average g ra in  
o r ie n ta t io n  w ith in  the  weld does n o t vary  along the  welding d i r e c t io n .  
For example, the  g ra in  o r ie n ta t io n  w ith in  the  XZ-1 specimen i s  alm ost 
equal to  th a t  o f  in  the  XZ-2 and XZ-3 specim ens. On the  o th e r  hand, 
i t  was observed th a t  th e  average g ra in  o r ie n ta t io n  along the  Z -ax is  
v a r ie s  s tro n g ly  from one a re a  to  the  o th e r . F ig . 35(a) shows th a t  
th e  -<00r>- g ra in  ax is  in  th e  XZ-2 specimen i s  dev ia ted  from th e  Z- 
a x is  toward the  X-axis by 12°. However, in  the  XZ-5 and XZ-8 specimens 
i t  was found th a t  the  angles o f d e v ia tio n  a re  as much as 34° and 50° 
re s p e c tiv e ly .
S im ila r r e s u l t s  were a lso  ob ta ined  from the  measurements 
made on the  YZ-plane. F ig , 35 (cL) shows th a t  the g ra in s  in  the  YZ-2 
specimen a re  o rie n te d  w ith  th e i r  -< 00 r>  axes alm ost p a r a l le l  to  
the Z -ax is . However, a t  some d is ta n ce  from the  weld su rface  the  
«<:00r>- g ra in  ax is  i s  no longer p a r a l le l  to  the Z -ax is , in s te a d , i t
was t i l t e d  a t  an angle (2/) from the f r e e  su rface  toward the  X -ax is .
F ig s . 35(e) and 35(f) show th a t  the  ang les o f g ra in  t i l t  in  the
YZ-5 and YZ-8 specimens a re  25° and 28°, re s p e c tiv e ly . F ig . 35(g)
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show th a t  the -< 0 0 1 >  g ra in  ax is  in  the  YZ-11 specimen i s  a lig n ed  
alm ost p a r a l le l  to  the  Z -ax is , s im ila r  to  those in  the  YZ-2 specimen. 
These r e s u l t s  a re - in  agreement w ith  the  macros tru e  tu r a l  o b serv atio n  
o f fig*  54(b). This f ig u re  shows th a t  the  upper and th e  lower 
reg io n s  o f the weld c o n s is t  o f a  columnar g ra in  s tru c tu re  w ith  
i t s  lo n g itu d in a l ax is  alm ost p a r a l le l  to  the  v e r t ic a l  a x is  o f the  
specimen (Z -a x is ) . Furtherm ore, i t  has been observed in  a l l  YZ po le  
f ig u re s  th a t  th e  g ra in  a x is  was n o t only  t i l t e d  from the  f r e e  
su rfa c e  bu t a lso  d ev ia ted  toward th e  w elding d ire c t io n  by an angle 
o f 10°.
For the  measurement performed on th e  XT-plane, f i g .  55(b) 
shows th a t  the  g ra in s  in  th e  XT-2 specimen have th e i r  axes alm ost 
p a r a l le l  to  th e  Z -ax is , thus th is  p lane may be considered  as 
i s o t ro p ic .  However, the  iso tro p y  o f th is  p lane i s  no lo n g e r re ta in e d  
a t  in c re a s in g  d is ta n ce s  from the  weld su rfa c e . From f i g .  55 ( i )  i t  
i s  c le a r  th a t  the  * < 0 0 r>  g ra in  ax is  i s  d ev ia ted  by 7° from the  
X -axis toward the  Y -axis and t i l t e d  by 68° from the  a c c e ss ib le  
su rfa c e , i . e .  XT-plane. For the  XT-8 specimen, the  angle o f g ra in  
d e v ia tio n  (o) and the angle  o f g ra in  t i l t  a re  25° and 64° > re sp ec ­
t iv e ly .  Complete r e s u l t s  o f  the  g ra in  o r ie n ta t io n  derived  from 
the X-ray po le  f ig u re s  a re  summarised in  ta b le s  9 (a )“9 (c ) a longside  
the  r e s u l t s  ob tained  from the  v isu a l exam ination and th e  SAW 
measurement, and these  w il l  be d iscussed  ex ten s iv e ly  in  the  n ex t 
S ection .
c ) .  R otated  SAW c r i t i c a l  a n g le /v e lo c ity  measurement.
In  th is  S ec tion , the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  
i s  measured on a u s te n i t ic  s te e l  weld samples whose te x tu re s  had 
been predeterm ined by the  X-ray pole f ig u re  measurement. The 
purpose o f th is  experim ent i s  to  e s ta b l is h  th a t  once p ro p e rly
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c a l ib ra te d ,  the  ro ta te d  SAW measurement may be used to  determ ine the 
g ra in  o r ie n ta t io n  in  th e  weld. The r e s u l t s  obtained  a re  compared 
w ith  those obtained  ra e ta llo g rap h ica lly .
The ty p ic a l r e s u l t s  o f th ese  measurements made on th ree  
orthogonal p lanes o f  the specimens a re  shown in  f ig s .  36(a ) -3 6 (c ) .  
F ig . 36(a) re p re se n ts  the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  on 
the  XZ—plane o f specimens 2 , 5* and 8. I t  can be seen th a t  the  
curve ob tained  from the  XZ-2 specimen agrees q u a l i ta t iv e ly  w ith  
th a t  ob ta ined  from the  XZ- and YZ-planes o f  th e  a u s te n i t ic  s te e l  
c a s t  specim ens. In  the  c a s t ,  the  s o l id i f i c a t io n  o f the  m elt i s  
c o n tro lle d  i n  such a  way th a t  the  *<00r>  c ry s ta llo g ra p h ic  ax is  
i s  p a r a l le l  o r alm ost p a r a l le l  to  th e  Z -ax is o f the specimen. 
Consequently, as expected from the  th eo ry , th e  ro ta te d  SAW c r i t i c a l  
angle curve has a  minimum value along th is  a x is .  However, fo r  th e  
measurement on th e  XZ-2 specimen o f  the  weld, i t  appears th a t  the  
curve minimum i s  d isp laced  toward the  l e f t  d ire c t io n  by 12°. This 
im p lies  th a t  the  columnar g ra in  ax is  i s  dev ia ted  by 12° from the  
Z -axis toward the  X -axis in  an an tic lo ck w ise  d ire c t io n .
From the  measurement c a r r ie d  o u t on the  XZ-5 and XZ-8 
specimens, i t  i s  obvious th a t  a  s e t  o f  fo u r f e a tu re s , which i s  the  
c h a r a c te r i s t ic  o f the m a te ria l w ith  a  sp e c ia l o r th o tro p ic  symmetry, 
i s  s t i l l  observed in  the  curve. However, in  th ese  c a se s , the  
minimum which corresponds to  th e  < 001 columnar g ra in  a x is  i s  
d isp laced  a t  h igher angles toward the  l e f t  d ir e c t io n .  This means 
th a t  th e  *< 0 0 r>  columnar g ra in  ax is  w ith in  th ese  specimens i s  
d ev ia ted  more sev e re ly  than th a t  in  the  XZ-2 specimen. From the  
curves shown in  f ig .  3 6 (a), i t  i s  c le a r  th a t  the curves fo r  the  
XZ-5 and XZ-8 specimens a re  d isp laced  by 34° and 43°, r e s p e c tiv e ly . 
This in d ic a te s  th a t  the  g ra in  ax is  in  th ese  specim ensis d ev ia ted  
from the  Z -axis toward the  X -axis in  an an tic lo ck w ise  d ire c t io n
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o oby 34 and 43 . R efe rrin g  to  the  c a l ib ra t io n  curve o f 'SAW c r i t i c a l  
angle d iffe re n c e  ( A )  a g a in s t the angle o f g ra in  t i l t  (H) d eriv ed  . 
from the  a u s te n i t ic  s te e l  c a s t ,  (see  Section  5 .2 .3 .1 .b ) ,  and 
assuming th a t  the weld possesses s im ila r  a co u s tic  p ro p e r tie s  w ith  
those o f the a u s te n i t ic  s t e e l  c a s t ,  i t  i s  c le a r  th a t  the  ro ta te d  
SAW curves ob tained  from the  XZ-2, XZ-5 and XZ-8 specimens a re  
inc luded  in  the  curve o f type 1. By m easuring the  SAW c r i t i c a l  
angle d if fe re n c e  ( / \ )  i n  each curve, and r e f e r r in g  to  the  c a l ib ra t io n  
curve mentioned e a r l i e r ,  the  ang les e f  .g ra in  t i l t  from th e  f r e e  
su rface  o f  specimens 2 , 5 , and 8 a re  10°, 8° and 8° re s p e c tiv e ly .
The lo c a tio n  o f the  {002} po les ob ta ined  from the  SAW measurement 
on the  XZ-2, XZ-5, and XZ-8 specimen i s  shown in  f i g .  3 7 (a ).
The r e s u l t s  f o r  the  SAW measurement made on the  YZ-plane 
o f specimens 2 ,5 ,8 , and 11 a re  g iven  in  f i g .  30(b). In  c o n tra s t  
w ith  the  prev ious o b se rv a tio n s , curve:, d isplacem ents a re  ha rd ly  
observed on th i s  p a r t ic u la r  p lane o f  the weld. As expected from 
the  v is u a l exam ination, the  curves ob tained  from specimens 2 and 11 
were alm ost id e n t ic a l  and agree q u a l i ta t iv e ly  w ith  those  ob ta ined  
from th e  XZ- and YZ-planes o f the  c a s t .  Thus, we may conclude 
th a t  th e  grams w ith in  th ese  specimens have th e i r  < 0 0 r >  c r y s ta l l o -  
g raph ic  axes p a r a l le l  o r  alm ost p a r a l le l  to  the  Z -axis o f  the 
specimen. The curves ob ta ined  from specimens 5 and 8 on the  o th e r  
hand, show a  r a th e r  d i f f e r e n t  c h a r a c te r i s t ic .  In  both c ase s , the  
SAW c r i t i c a l  angle a long  the  Z -ax is i s  much h igher than  th a t  
observed in  specimens 2 and 11. These curves resem ble those 
ob ta ined  from 2-dim ensionally  b ia s  c u t specimen w ith  th e  ang les 
o f c u t oc = 30° and 45°. This in d ic a te s  th a t  the  g ra in s  w ith in  
th ese  specimens were t i l t e d  sev e re ly  from the  f r e e  su rfa c e , the 
ob serv atio n  which has been confirmed m e ta llo g ra p h ica lly .
The appearence o f  the  ro ta te d  SAW curve fo r  TZ-2 and YZ-11
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specimens in d ic a te s  th a t  i t  may be inc luded  in  curve category  type 1, 
i . e .  the  curve which corresponds to  the g ra in  t i l t  o f le s s  than  13° 
from the  f r e e  su rfa c e . The SAW c r i t i c a l  angle d iffe re n c e  measured 
on th ese  curves show th a t  th e  g ra in s  in  the YZ-2 and YZ-11 specimens 
are  t i l t e d  by 9° and 8° from the  f re e  su rfa ce , i . e .  YZ-plane. On 
the o th e r hand, the ro ta te d  SAW curves fo r  specimens 5 and 8 f a l l  
in to  curve catego ry  type 2, which corresponds to  the g ra in  t i l t  
between 13° to  55° from the  f r e e  su rfa c e . The measured SAW c r i t i c a l  
angle d iffe re n c e s  in  th is  case a re  175* and 214* which correspond- 
to  the  ang les o f  g ra in  t i l t  o f 24° and 2 6 .5 ° , re s p e c tiv e ly . In  I.
a d d itio n  to  th ese  o b se rv a tio n s , a l l  the  curves in  f i g .  36(b) show 
th a t  th e i r  symmetry p o s itio n s  a re  s l ig h t ly  d isp laced  from the 
p r in c ip a l  a x is .  This shows th a t  the  g ra in s  n o t only t i l t e d  away 
from the  f r e e  su rfa c e , b u t a lso  d ev ia ted  toward the  welding d i r e c t io n .  
This o b serv atio n  seems to  agree w ith  the  experim ental r e s u l t s  by
o th e r  workers who found th a t  the  g ra in s  in  most welds a re  d ev ia ted
o 6Tby about 8 toward the  welding d i r e c t io n .  Although th i s  angle may
be considered  as sm all, on the  ro ta te d  SAW curve, such a  d isp la c e ­
ment i s  r e a d ily  m easureable. From the  curves shown in  f i g .  3 6 (b ), 
i t  i s  c le a r  th a t  the  angles o f g ra in  d e v ia tio n  from th e  Z -ax is 
toward the  w elding d ire c t io n  fo r  YZ-2, YZ-5, YZ-8, and YZ-11 
specimens a re  10°, 8 °, 6 ° , and 4° re s p e c tiv e ly .
F in a lly , as shown in  f i g .  3 6 (c ), the  ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  on the  XY-plane o f specimen 2 v a r ie s  s l ig h t ly  w ith  
the  angle o f r o ta t io n .  This v a r ia t io n  becomes more ev id en t a t  
in c re a s in g  d is tan ce  from the  weld su rfa c e . The pole f ig u re  
r e s u l t s  p resen ted  in  the proceeding Section  suggest th a t  the  XY- 
plane o f specimen 2 i s  alm ost i s o t ro p ic .  Indeed, i t  was observed 
th a t  the SAW c r i t i c a l  angle on th is  specimen v a ried  by only  3% 
compared w ith  v a r ia tio n s  o f 18% and 22% observed in  the  XY-5 and
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XY-8 specimens. The complete r e s u l t s  o f the  g ra in  o r ie n ta t io n  in  
each specimen estim ated  from the SAW measurement a re  p resen ted  in  
ta b le s  6 (a ) -6 (c ) ,  and f ig s .  37 (a)-37(c) and w il l  be d iscussed  
fu r th e r  in  the  n ex t S ec tion .
5.3«1«2. D iscussion .
97In  1978, S i lk ,  in v e s t ig a te d  the e f f e c t  o f the  weld 
an iso tro p y  on the  p ropagation  behaviour o f a  bulk lo n g itu d in a l wave 
in  an a u s te n i t ic  s t e e l  weld. He proposed th a t  the  reasonab le  model 
f o r  common a u s te n i t ic  s t e e l  welds was th a t  o f  a  la rg e  cubic a u s te n i­
t i c  c r y s ta l .  However, he observed th a t  th is  model d id  n o t agree 
w ith  the  experim ental r e s u l t s  o f the  v e lo c i ty  v a r ia t io n  as a  fu n c tio n  
o f p ropagation  d ir e c t io n .  The lo n g itu d in a l wave v e lo c i ty  v a r ia t io n  
as a  fu n c tio n  o f p ropagation  d ire c t io n  i s  observed to  r i s e  to  a  
peak and then f a l l  to  a  d i f f e r e n t  minimum value  a t  90°  to  the g ra in  
a x is .  S im ila r v e lo c ity  v a r ia t io n  has a lso  been observed in  the  
a u s te n i t ic  s te e l  c a s t  in v e s t ig a te d  as shown in  f i g .  1 8 .(R efer to  
s e c tio n (5 * 2 .1 .1 .d ) . Thus, i t  i s  suggested  th a t  fo r  th i s  weld, a  
s p e c ia l  o r th o tro p ic  model i s  probably  b e t te r  than  a  cubic model to  
re p re se n t the  an iso tro p y  o f the  weld.
The macrographs o f  the weld in v e s tig a te d  a re  g iven  in  
f i g s .  34(a)-34(c)*  These macrographs show th a t  the weld c o n s is ts  
o f a  h ig h ly  a lig n ed  g ra in  s tru c tu re  b u i l t  up from p la n a r la y e rs  
o f weld beads. The (200) po le  f ig u re s  ob tained  from th is  weld 
in d ic a te  th a t  th is  weld possesses . s tro n g  f ib r e  te x tu re s  w ith  
the  -c001^>- f ib r e  ax is  p a r a l le l  w ith  the  columnar g ra in  a x is .  They 
a lso  in d ic a te d  th a t  th e  <<100>- and the -cO lO ^  c ry s ta llo g ra p h ic  
axes were d is t r ib u te d  randomly about the  f ib r e  a x is .  Thus, i t  i s  
concluded th a t  the  g ra in s  in  the  weld in v e s t ig a te d  produce a  weld 
w ith  a  sp e c ia l o rtho  tro p ic  symmetry w ith  th e  -sr00r>* g ra in  ax is
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Fig*57 a* p o s i t io n  o f  th e  ^002j- p o le s  r e l a t iv e  to  the  [ L*] , [W+] 
andC P+] d ire c t io n s  o n /th e  XZ-plane o f  specimens 2, 5 and 8,
— "
SPECIMENS ANGLES OF DISP.(6) ANGLES OF TILT(S)
NUMBER ■vis. P.FIG . SAW VIS. P.FIG . SAW
1 9 .0 °
oo.ON 7 .0 ° 9*0° 1 0 .0 ° 7 .5 °
2 9 .0 ° 11 .0° 12 .0° 7*0° 1 0 .0° 9*5°
3 9 .0 ° 12 .0° 10 .0° 8 .0 ° 10 .0° 8 .0 °
4 31.0° 31.0° 30.0° 9 .0 ° 8 .0 ° 7*0°
5 31.0° 34*0° 34*0° , 8 .0 ° 1 0 .0 ° 8 .0 °
6 31. 0° 33.0° 33*0° 10 .0° 8 .0 ° 9*5°
7 40.0° 43*0° 45*0° 10 .0° 10 .0° 9*0°
8 40.0° 40 .0° 43*0° 9*0° 12 .0° 8 .0 °
9 40.0° 38.0° 40.0° 9*0° 1 0 .0° 8 .0 °
Table 9 (a ) .  S p a tia l v a r ia t io n s  o f  th e  columnar g ra in  o r ie n ta ­
t io n  on the  XZ-plane o f  an a u s te n i t ic  s t e e l  weld m etal d e te r ­
mined v is u a l ly ,  by th e  X -ray p o le  f ig u re  techn ique and by th e  
SAW measurement.
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X i X -ray r e s u l t s  
o : SAW r e s u l t s
P ig .37h. P o s it io n  o f  th e  {002} p o le s  r e l a t i v e  to  th e  [ , [w+]
and [P +] d ire c t io n s  on th e  YZ-plane o f  specimens 2 ,5  and 8.
' SPECIMEN'S ANGLES OP DISP.(6) ANGLES OP TILT (6)
NUMBER VIS. P.PEG. SAW VIS. P.FIG . SAW
1 9 .0 ° 6 .0 ° 7*0°
oo. _ _o 5-0 5 .5 °
2 . o o 5 .0 ° 10 .0° 4 .0 ° 10.0° 9 .0 °
3
oo• 3 .0° 5 .0 ° 4 .0 ° 5«.0° 3 .5 °
4 11 .0° 10 .0° 12 .0° 21.0° 20.0° 21 .5°
5 9 .0 ° 7 .0 ° 8 .0 ° 21.0° 25 .0° 24 .0°
6 4 .0 ° 4 .0° 4 .0 °  * 21.0° 25.0° . 24 .0°
7 15*0° 10 .0° 10 .0° 24.0° 25 .0° 25 .5°
8 5 .0 ° 7 .0 ° 6 .0 ° 24.0° 28 .0° 26 .5°
9 7 .0 °
oo. 8 .0 ° 24.0° 25 .0° 21 .0°
10 3 .0° 6 .0° 4 .0° 10 .0° 8 .0 ° 7 .0 °
11 4 .0 °
oo• 4 .0 ° 10 .0° 7 .0 ° 8 .0 °
12 4 .0 ° 6 .0 ° 6 .0 ° 10 .0° 8 .0 ° 7*0°
Table 9 (b ) .  S p a tia l  v a r ia t io n s  o f  th e  columnar g ra in  o r ie n ta t io n  on th e
YZ-plane o f  an a u s te n i t ic  s t e e l  weld m etal determ ined v is u a l ly ,  by th e
X-ray po le  f ig u re  technique and by th e  SAW measurement,
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X s X -ray r e s u l t s
O : SAW r e s u l t s
Fig.37cu P o s it io n  o f th e  ^002} po les  r e l a t i v e  to  the  
[ i t l  , [ W+] , and [P^] d ire c t io n s  on th e  XY-plane o f  
specimens 2, 5 and 8*
SPECIMEN’S ANGLES OP D ISP.(6) ANGLES OP TILT (tf)
NUMBER VIS. P.PIG . SAW VIS. P.FIG . SAW
1 - 92*0° 94.0° 85.0° 83 .0° 85 .0°
2 - 100.0° 103.0° 85 .0° 83 .0° 85 .0°
3 - 90. 0° 90 . 0° 85.0° 83 .0° 82 .0°
4 - 18 .0° 14 .0° 70 .0° 68 .0° 6 7 .0°
5 -
0
7 .0
oo. 70 .0° 68 .0° 69 .5°
6 - 23.0° 20.0° 70 .0° 65 .0° 68 .0°
7 - 9 .0 °
oo.CO 60 .0°
o60.0 62 .5°
8 - 23 . 0° 13 .0° 60 .0° 64 . 0° 65 .5°
9 - 9 .0° 10 .0° 60 .0° 60 .0° 63 .0°
Table 9 c , S p a tia l  v a r ia tio n s  o f the  columnar g ra in  o r ie n ta t io n  
on th e  XT-plane o f an a u s te n i t ic  s te e l  weld m etal determ ined  
v is u a l ly ,  by th e  X -ray po le  f ig u re  technique and by the SAW 
measurement.
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a c tin g  as a  c e n tra l  a x is .
For m a te ria l w ith  a  sp e c ia l o r th o tro p ic  symmetry, the g ra in  
o r ie n ta t io n  may be estimated, by determ ining  the  s p a t ia l  o r ie n ta t io n  
o f the «<001t>- columnar g ra in  ax is  w ith re sp e c t to  the  su rface  
from which the  measurement i s  made. From the  X-ray po le  f ig u re s , 
i t  i s  c le a r  th a t  on each p lan e , ( i . e .  XZ-, YZ-, and XY-planes), the  
p o s it io n  o f  the (200) r e f le c te d  po les v a r ie s  from specimen to  
specimen. This v a r ia t io n  in d ic a te s  th a t  the  o r ie n ta t io n  o f the 
* c0 0 r>  columnar g ra in  ax is  v a r ie s  a t  d i f f e r e n t  p o s i t io n s . However, 
in  a l l  c a se s , the  band o f {200} and {020} r e f le c te d  p o les i s  
always p re se n t. The s p a t i a l  g ra in  o r ie n ta t io n  in  th is  c ase , i s  
determ ined by lo c a t in g  the  c en tre  o f the  {002} r e f le c te d  p o le s .
The complete r e s u l t s  o f the  g ra in  o r ie n ta t io n  in  the  weld specimens 
a re  p resen ted  in  ta b le s  9(a-)-9(c )«
Luring our in v e s t ig a tio n  we have observed th a t  the  r o ta te d  
SAW c r i t i c a l  a n g le /v e lo c ity  and i t s  corresponding  g ra in  o r ie n ta t io n  
do n o t vary  along the welding d ire c t io n .  In  th is  case , the  ro ta te d  
SAW curve in  the  specimen 2 i s  alm ost id e n t ic a l  to  those ob ta ined  
from specimens 1 and 3* S im ila r o b servations were a lso  made d u rin g  
th e  X-ray pole f ig u re  measurement. Thus, in  th is  S ec tio n , the  
d iscu ss io n  o f  the  po le  f ig u re  and SAW r e s u l t s  w il l  be confined  to  
those ob tained  in  specimens 2, 5 , 8> and l i  on ly . These r e s u l t s  
a re  re p re se n ta tiv e  o f the  r e s u l t s  fo r  specimens 1 , 4* 7 , 10 and 
3, 6 , 9 , and 12. The angle o f g ra in  d e v ia tio n  (<S), and the  angle 
o f g ra in  t i l t  (£ ) , necessary  fo r  the  c o n s tru c tio n  o f the  u l tr a s o n ic  
pole f ig u re  were determ ined from the  SAW d a ta  and the  r e s u l t s  were 
compared w ith  those ob tained  from the  po le  f ig u re s . An a ttem pt 
was n o t made to  compare these r e s u l t s  w ith those obtained  v is u a l ly  
because in  the  weld macrographs, the g ra in  'a x e s ' observed on the  
p lane o f the se c tio n  do n o t t ru ly  in d ic a te  the  s p a t ia l  o r ie n ta t io n
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o f the  g ra in  a x is .  However, th i s  s t i l l  can he used as an in d ic a to r  
o r guide in  the  de term ination  o f the  g ra in  o r ie n ta t io n  in  th is  weld. 
Note th a t  in  the n o ta tio n  XZ-1 to  XZ-12 and so o n . . . . . .  the  f i r s t
two c a p i ta l  l e t t e r s  in d ic a te  the  p lane o f the  specimens and the 
number in d ic a te s  th e i r  p o s it io n  w ith in  the weld as shown in  the  
weld macrographs o f  f ig s .  3 4 (a )-3 4 (c ) .
The ty p ic a l r e s u l t s  o f th e  ro ta te d  SAW c r i t i c a l  a n g le /  
v e lo c i ty  measured on th ree  orthogonal p lanes o f the weld a re  shown 
in  f i g s .  3 6 (a )-3 6 (c ) . Prom f i g .  36(a) i t  can be seen th a t  th e  
ro ta te d  SAW curves ob ta ined  from the  XZ-plane ( ty p if ie d  by specimens 
2, 5 , 8 , and 11 ), resem ble those  ob ta ined  from the  XZ- and YZ- 
p lanes o f an a u s te n i t ic  s te e l  c a s t .  By lo c a tin g  the  curve minimum 
we have been ab le  to  determ ine the  angle o f d e v ia tio n  o f  the  - c  001 *>■ 
columnar g ra in  a x is  from the  Z -ax is toward the  X -axis o f  the  
specimen. The angle  o f  g ra in  t i l t  from the  f r e e  p lane  (&), i s  
determ ined by m easuring th e  SAW c r i t i c a l  angle d iffe re n c e  ( A  ) ,  on 
each curve . Knowing the  param eter (A )»  ang le  o f g ra in  t i l t  
can be determ ined d ir e c t ly  from the  c a l ib ra t io n  o f the  SAW c r i t i c a l  
ang le  d iffe re n c e  ( ^ )  a g a in s t th e  angle o f g ra in  t i l t  which has been 
derived  fo r  the  a u s te n i t ic  s t e e l  c a s t  in  S ec tio n ( 5 .2 .3 .a ) .  The 
complete r e s u l t s  o f the  g ra in  o r ie n ta t io n  on the  XZ-plane o f th i s  
weld a re  g iven in  ta b le  9(a) and f i g .  37 (a ). Also shown a re  th e  
r e s u l t s  ob ta ined  v is u a l ly  and from the  X-ray po le  f ig u r e .
Prom th i s  ta b le , i t  i s  c le a r  th a t  the  g ra in  o r ie n ta t io n  
determ ined by the  SAW d a ta  a re  in  c lo se  agreement w ith  those  o b ta ined  
from the  po le  f ig u re s .  The w orst disagreem ent between th e  SAW and 
the pole f ig u re  r e s u l t s  occur in  the  XZ—8 specimen. in  th is  specim en,
the po le  f ig u re  in d ic a te s  th a t  the angle o f g ra in  d e v ia tio n  from 
the Z -axis toward the X -axis (S ) , and the  angle o f g ra in  t i l t  from
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the f re e  plane M ,  a re  40° and 12° compared to  43° and 8° suggested  
by the SAW d a ta . As ev iden t from the  po le  f ig u re s , the  e r ro r  in  
determ ining the  angles (6) and (^) in  most cases i s  ±5°. This means 
th a t  the  angle o f g ra in  d ev ia tio n  o f the 0 0 r>  g ra in  ax is  could 
be anywhere between 35° to  45°. S im ila r ly , the  angle o f  g ra in  t i l t  
from the f r e e  p lane i s  between 7° to  17°. Thus, i t  i s  c le a r  th a t  
even in  the  w orst case , th e  -^ Q O l^  g ra in  o r ie n ta t io n  p re d ic te d  from 
the  SAW d a ta  i s  s t i l l  w ith in  the  range p re d ic ted  by the po le  f ig u r e .  
G enera lly , in  the  de term ination  o f the  angle o f  g ra in  t i l t  , we 
found th a t  the  SAW d a ta  y ie ld ed  s l ig h t ly  lower angles than those 
ob ta ined  from the  X-ray po le  f ig u re s . This o b servation  may be 
a t t r ib u ta b le  to  th e  defocussing  e f f e c t  encountered d u ring  the  X-ray 
back r e f le c t io n  measurement. This e f f e c t  i s  known to  occur when
167the X-ray beam i s  o r ie n te d  alm ost p a r a l le l  to  the specimen p lan e .
At th i s  p o s it io n , the  coun ter was unable to  d e te c t  the {002} 
r e f le c te d  p o le s . Consequently, th is  was in te rp re te d  as the  non­
ex is ten ce  o f th ese  po les and r e s u l t s  in  the  m islo ca tio n  o f  the  c e n tre  
o f the  £ 002 } p o le s .
The ty p ic a l ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  curves 
ob tained  from the YZ-plane o f the a u s te n i t ic  s te e l  weld in v e s t ig a te d  
a re  shown in  f i g .  36 (b ). From th is  f ig u re , i t  i s  c le a r  th a t  th e re  
e x is ts  two types o f curve on th is  p lan e , i . e ;  l )  Those belong to  
the YZ-2 and YZ-11 specim ens, and 2 ) . Those belong to  the  YZ-5 and 
YZ-8 specim ens. The curves obtained  from the  YZ-2 and YZ-11 specimens 
resem ble those obtained  from the XZ- and YZ-plane o f th e  c a s t .  The 
curves ? minima, the  <  001 g ra in  ax is  in  these  specimens a re  
d isp laced  by 10° and 4° toward the Y -axis (w elding d i r e c t io n ) .  The 
SAW c r i t i c a l  angle d iffe re n c e  c a lc u la te d  from these  curves in d ic a te s  
th a t  the  -C001>- g ra in  axes in  the  YZ-2 and YZ-11 specimens a re . t i l t e d  
from the YZ-plane by 9° and 8° re s p e c tiv e ly . These r e s u l t s  seem to
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agree c lo se ly  w ith  those ob tained  from the  X-ray pole f ig u r e s .  In  
the  presence o f th e  pseudo-SAW mode in  the  curves ob ta ined  from the 
YZ-5- and YZ-8 specim ens, we may conclude th a t  th ese  curves a re  
c la s s i f ia b le  as curves o f type 2 in  the  c a l ib ra t io n  curve o f the  
SAW c r i t i c a l  angle d iffe re n c e  a g a in s t the angle o f g ra in  t i l t  shown 
in  f i g .  27. In  th is  case , the  columnar g ra in  axes w ith in  th ese  
specimens a re  t i l t e d  in  a  range between 13° to  55° from the  f r e e  
su rfa c e . Note th a t  w ithou t the  pseudo-SAW mode, th ese  curves may 
be c la s s i f i e d  as the  curves o f type 3* The SAW c r i t i c a l  angle  =. 
d iffe re n c e  c a lc u la te d  from these  curves in d ic a te s  th a t  th e  columnar 
g ra in  axes i n  the  YZ-plane o f  specimens 5 and 8 a re  t i l t e d  by 24° 
and 26.5° compared w ith  25° and 28° in d ic a te d  by X-rray po le  f ig u re s .  
Furtherm ore, the  SAW d a ta  show th a t  the  columnar g ra in  axes in  
th ese  specimens a re  a lso  dev ia ted  from the  Z -ax is toward the  Y -axis 
o f the  specimen l ik e  those in  the  YZ-2 and YZ-11 specim ens. In  th is  
c ase , the  ang les o f d ev ia tio n  (6) a re  8° and 6° compared to  6° and 
7° suggested by X-ray po le  f ig u re s  o f both specim ens. The complete 
r e s u l t s  o f the  g ra in  o r ie n ta t io n  ob ta ined  from th i s  p lane a re  given 
in  ta b le  9(b)* I t  can be seen from th i s  ta b le  th a t  a l l  o f  th e  SAW 
r e s u l t s  agree w ith  those ob tained  from X-ray po le  f ig u re s  w ith  the 
excep tion  o f the  r e s u l t s  fo r  the  YZ-2 specimen. The ro ta te d  SAW 
d a ta  fo r  th is  specimen show th a t  the  angle  o f g ra in  d e v ia tio n  i s  
10° compared to  only 5° y ie ld ed  by the  X-ray r e s u l t .  However, 
compared w ith  the  r e s u l t s  o f the  v is u a l exam ination, i t  seems th a t  
in  th is  specimen the  po le  f ig u re  y ie ld s  a  more reasonab le  r e s u l t  
than the  SAW d a ta . We conclude th a t  in  th is  p a r t ic u la r  cane, the  
la rg e  e r ro r  in  th e  SAW r e s u l t  i s  due to  the  e r ro r  in  the i n i t i a l  
a lignm ent o f the plane o f tran sd u ce rs . As one may se e , although  
th i s  e r ro r  r e s u l t s  in  5° disagreem ent w ith  the  Xrray po le  f ig u re  
r e s u l t ,  the  c lo se  agreement in  the  angle o f g ra in  t i l t  (tf), d e te r ­
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mined by both  techniques i s  s t i l l  r e ta in e d . In  conventional u l t r a ­
son ic  in sp e c tio n , i t  i s  th is  angle  which has to  be determ ined 
a c c u ra te ly  because o f i t s  g re a te r  a f f e c t  on the wave propagation  
behaviour.
In  u l tr a s o n ic  te s t in g  o f a u s te n i t ic  s t e e l  weld s t ru c tu re s ,  
most o f the  in sp e c tio n  i s  c a r r ie d  ou t from the  a cc e ss ib le  XT-plane 
o f the  weld. U sually , the g ra in  s t ru c tu re  viewed from th is  p lane 
i s  considered  is o tro p ic  because o f the  assum ption th a t  the  s o l i d i f i ­
c a tio n  o f  the  weld tak es  p lace  in  the  Z -d ire c tio n . The (200) X-ray. 
po le  f ig u re  ob tained  from the  XT-plane o f the  weld in v e s t ig a te d  i s  
shown in  f i g .  35(h). This X-ray po le  f ig u re  suggest th a t  th e  XT- 
p lane  o f  specimen 2 i s  h ig h ly  is o t r o p ic .  With the  X-ray po le  f ig u r e ,  
s l ig h t  amount o f an iso tro p y  cannot be d e tec te d  e a s i ly  because o f  the  
spread  o f the  £002} r e f le c te d  p o les by ±8° from the  c e n tre . However, 
as c le a r ly  shown in  f i g .  3 6 (c ), sm all amount o f the  weld an iso tro p y
by
has been revealedy(the ro ta te d  SAW d a ta . The SAW c r i t i c a l  angle
d iffe re n c e  and the  apparen t symmetry o f the  curve in d ic a te  th a t
the <£001> columnar g ra in  ax is  i s  t i l t e d  by 83° from the  XY-plane.
o(Note th a t  the  angle o f  g ra in  t i l t  o f 90 corresponds to  the  case 
where the  g ra in  ax is  i s  o rie n te d  p e rp en d icu la r to  the XY-plane, 
hence the plane i s  com pletely i s o t r o p ic ) .
The r e s u l t s  o f the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  
measurement performed on the  XY-5 and XY-8 a re  q u ite  in te r e s t in g .
Note th a t  because th e re  i s  no pseudo-SAW mode accompanying the  r e a l  
SAW mode in  th ese  cu rves, we conclude th a t  these  curves a re  o f the  
type 3* The curves o f th i s  type correspond to  the  g ra in  t i l t  
between 55° to  90°. The SAW c r i t i c a l  angle d iffe re n c e s  in  th ese  
curves suggest th a t  the  angles o f g ra in  t i l t  ( i / ) , i n  the  XY-5 and 
XY-8 specimens a re  69 .5° and 62.5° compared w ith  68° and 64° y ie ld e d  
by the  X-ray po le  f ig u re  measurement. In  a l l  c a se s , i t  was observed
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th a t  the  SAW d a ta  had n o t been ab le  to  determ ine the  angle o f g ra in  
d ev ia tio n  a c c u ra te ly . This i s  due to  th e  f la tn e s s  o f th e  curve 
minimum and maximum such th a t  the  determ ination  o f the  ax is  of 
symmetry o f the  curve becomes d i f f i c u l t .  However, as mentioned 
e a r l i e r ,  in  conventional u l tr a s o n ic  in sp e c tio n , th is  angle i s  n o t 
so im portan t because the  wave behaviour i s  a f fe c te d  m ostly by the 
angle o f g ra in  t i l t  from th e  f r e e  p lane (ft), ' ■
Thus, i t  i s  c le a r  th a t  the  ro ta te d  SAW c r i t i c a l  a n g le /  
v e lo c i ty  d a ta  can be used to  determ ine the  g ra in  o r ie n ta t io n  in  the  
a u s te n i t ic  s t e e l  weld w ith  a  high degree o f  p re c is io n . The accuracy 
o f th i s  technique compared w ith  th e  X-ray po le  f ig u re  technique i s  
c le a r ly  ev iden t from f ig s .  37 (a )-3 7 (c) shown on th e  top o f  ta b le s  
9 (a ) -9 (c ) ,  re s p e c tiv e ly . Each, f ig u re  shows a  g e n e ra lise d  scheme 
o f th e  columnar g ra in  o r ie n ta t io n  r e l a t iv e  to  th re e  orthogonal 
d ire c tio n s  (L+ o r Z -a x is ) , (W* o r Y -ax is), and (p* o r X -ax is ), which 
r e f e r  to  the  d ire c t io n  p e rp en d icu la r to  the p lane o f the  weld la y e r s ,  
the  d ire c t io n  o f w elding, and the  d ire c t io n  o f adding su ccess iv e  
weld runs w ith in  each la y e r ,  r e s p e c tiv e ly . I t  can be seen  th a t  
although the  num erical d iscrepancy between the  X-ray and the  SAW 
r e s u l t s  may be considered  as la rg e ,  on the  po le  f ig u re , such a  
d iscrepancy i s  h a rd ly  re so lv e a b le . This technique i s  more su p e r io r  
in  determ ining th e  g ra in  o r ie n ta t io n  in  the  a u s te n i t ic  weld where 
the c O O r >  c ry s ta llo g ra p h ic  ax is  i s  alm ost p a r a l le l  to  the f r e e  
su rfa c e . In  such a m a te r ia l ,  the  d e term ina tion  o f g ra in  o r ie n ta t io n  
by the  X-ray r e f le c t io n  technique i s  h indered  by th e  defocusing  
e f f e c t  such th a t  the  {002} r e f le c te d  po les a re  n o t d e tec te d  when 
the  specimen su rface  i s  o rie n te d  alm ost p a r a l le l  to  the  X-ray beam. 
Consequently, the  accu ra te  lo c a tio n  o f the  c en tre  o f th e  {002} 
r e f le c te d  po les i s  no t p o ss ib le . U n fo rtu n ate ly , due to  the  b u lk i­
ness o f the  weld, the  r e f le c t io n  technique i s  the  on ly  way p o s s ib le
-194-
to  o b ta in  the X-ray po le  f ig u re  o f th is  weld. Thus, i f  the X-ray 
i s  used to  d e fin e  the  o r ie n ta t io n  o f  the g ra in  in  th is  weld, th i s  
w il l  r e s u l t  in  the  m is lo ca tio n  o f the  c en tre  o f the ^002}  p o le s .
A part from t h i s , we have a lso  shown th a t  the SAW technique i s  capable o f 
d e te c tin g  very  sm all amounts o f an iso tro p y  th a t  e x is t  on the m a te r ia l 
su rfa c e . For example, th is  technique has rev ea led  th a t  th e  XT- 
p lane  o f  a  specimen 2 which may be considered  as is o tro p ic  by the  
X-ray p o le  f ig u r e . has -in f a a t  i t s  g ra in s  t i l t e d  85° from the  f r e e  
su rfa c e . In  u l tr a s o n ic  in sp e c tio n  o f such a  m a te r ia l, any assump­
tio n  th a t  th i s  p lane i s  is o tro p ic  could le ad  to  se rio u s  e r ro rs  in  
d e fe c t lo c a t io n  and s iz e .  Our c a lc u la tio n  shows th a t  such a  sm all 
an iso tro p y  on th i s  p lane can cause beam d ev ia tio n  by as much as 11° 
from the  p ropaga tional d ire c t io n .  Consequently, co n sid erab le  
amount o f beam spread  would take p la c e . F in a lly , we conclude th a t  by 
m easuring the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  on th e  a u s te n i t ic  
s t e e l  weld, the  angle o f g ra in  d e v ia tio n  (S ), and the angle o f 
g ra in  t i l t .  \(f) , necessary  f o r  the  c o n s tru c tio n  o f  the  u l tr a s o n ic  
po le  f ig u re  can be determ ined a c c u ra te ly . We have shown th a t  97% 
o f the  SAW r e s u l t s  agreed w ith  those ob ta ined  from X-ray po le  f ig u r e s .
5 . 4 . Experim ental r e s u l t s  and d iscu ss io n  fo r  the  a u s te n i t ic  
s te e l  c lad d in g .
5 . 4 . I .  Texture a n a ly s is  in  a u s te n i t ic  s te e l  c ladd ing  sam ples.
5 .4 .1 .1 . Experim ental r e s u l t s .
a ) .  Macros tru e  tu r a l  exam ination.
The macros tru e  tu re  o f the  specimen, a  sk e tch  o f  which i s  
shown in  f i g .  15, i s  p resen ted  in  f i g .  38. A fte r  removal from 
p a ren t p la te ,  th is  specimen was macroetched u s in g  a co n cen tra ted  
v e rs io n  o f the  f e r r i c  ch lo rid e  so lu tio n  d escribed  in  S e c tio n (4 .2 .2 .a ) .
-195-
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As ev iden t from f i g  J8, th is  specimen r e ta in s  some o f 
the f e r r i t e  base which shows no sp e c ia l s tru c tu re  when observed 
v is u a l ly .  However, i n  the a u s te n i t ic  c ladd ing  la y e r , columnar 
g ra in s  up to  10mm, in  len g th  and 1.0mm in  width e s s e n t ia l ly  
p a r a l le l  to  the  Z -axis o f the  specimen can be observed. I t  i s  
c le a r  th a t  the  c ladd ing  la y e r  was b u i l t  up from a t  l e a s t  two a u s te n i­
t i c  weld la y e r s .  .Most o f the  columnar g ra in s  grow e p i ta x ia l ly  from 
the  f i r s t  to  the second la y e r  and extend toward the  c ladd ing  su rfa c e . 
However, in  some reg io n s  where the  columnar g ra in s  in  the  f i r s t  la y e r  
were b en t sev e re ly , the  e p i ta x ia l  growth ceased and new columnar g ra in s  
were n u c lea ted  to  grow p a r a l le l  to  the  Z -ax is .
On the  o th e r  hand, the  m acrostruetu re  o f  the  XY-plane o f  
th is  specimen, l ik e  those in  a u s te n i t ic  s te e l  c a s ts  and w elds, shows 
no d ire c t io n a l  g ra in  s tru c tu re  w hatsoever. On th is  p lane  the  g ra in s  
a re  o f  polygonal shape w ith  th e i r  dimensions vary ing  s l i g h t ly  along  
the  p ie c e . G enera lly , the  g ra in s  on the  r ig h t  hand p o rtio n  o f the  
p iece  were s l ig h t ly  la rg e r  than the  o th e rs .
b ) .  Pole f ig u re  measurement.
X-ray po le  f ig u re s  were ob ta ined  in  the  XZ- and. XY-planes
o f the  a u s te n i t ic  s ta in le s s  s te e l  c ladd ing  whose s t ru c tu re  i s  shown
in  f i g .  58. The (200) d if f r a c te d  po le  i n t e n s i t i e s  were c o lle c te d
2over the  a rea  o f 20x20mm and the po le  f ig u re s  were p lo tte d  a u to m a tic a lly .
P ig s . 39(a) and 39(b) show the presence o f the  p re fe r re d  
g ra in  o r ie n ta t io n  w ith in  the  a u s te n i t ic  la y e r  o f the c ladd ing  in v e s t i ­
g a ted . I t  i s  ev iden t th a t  the high co n cen tra tio n  o f the  ^002}" p o les  i s  
r e f le c te d  in  the Z -d ire c tio n  o f the  specimen. In  the  X-ray p o le  f ig u re  
measurement which employs the  r e f le c t io n  technique, when the  p lane  o f 
the r e f le c t in g  m a te ria l i s  o rie n te d  alm ost p a r a l le l  to  the. incom ing X -ray, 
defocusing o f the  Bragg’s r e f le c t io n  w ill  take p la ce . Thus, in  the
-197-
39(b)
Fig-39* (200) pole figures obtained from the (a) XZ-plane and
(b) XY-plane of an austenitic steel claqjgjing specimen-
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co n stru c tio n  o f the X-ray po le  f ig u re s , the (200) r e f le c te d  po les in te n ­
s i t i e s  fo r  o r ie n ta t io n  o f 70° to  90° from the  c en tre  o f the  po le  f ig u re  
may n o t be observed. However, in  th is  experim ent, as ev iden t from f ig ,  
^ ( a ) ,  a lthough  the  d if f r a c te d  {002J po les s u f fe r  from a defocussing  
e f f e c t  when the X -ray beam i s  alm ost p a r a l le l  to  the specimen p lan e , 
a  r e la t iv e ly  h igh  p ro p o rtio n  o f {OOSj; pole in te n s i ty  s t i l l  can be 
observed on the  po le  f ig u re  ob ta ined  from the  XZ-plane o f  th is  c lad d in g , 
This im p lies  th a t  a  very  s tro n g  p re fe rre d  o r ie n ta t io n  e x is ts  in  the  
-£00r> c ry s ta llo g ra p h ic  d ire c t io n  w ith  the<002> g ra in  ax is  ten d in g  to  
be p a r a l le l  w ith  the Z -ax is . This o b serv a tio n  was fu r th e r  supported  by 
the  ex is ten ce  o f  a  very  high (200) po le  in te n s i ty  in  the  c en tre  o f  the  
XY-pole f ig u re . This in d ic a te s  th a t  the m a jo rity  o f the < 001> g ra in  
axes in  th i s  specimen a re  o rie n te d  p a r a l le l  to  the Z -ax is . The e x is ten c e  
o f  a  band o f  (200) po le  in te n s i ty  along the  diam eter o f the  XZ-pole f ig u re
and the  absence o f po le  in te n s i ty  n ear th e  pe rip h ery  o f  the  XY-pole
f ig u re  suggests th a t  the  g ra in s  a re  ro ta te d  somewhat randomly about 
the  Z -ax is o f the  specimen, thus the  XY-plane o f th is  specimen i s  i s o t r p i c .  
These observ atio n s  seem to  agree w ell w ith  the observ atio n s  made o f  the
g ra in  s tru c tu re  o f the  a u s te n i t ic  s t e e l  c a s t  and weld m etal in  th e  way
th a t  the growth ax is  o f the  g ra in s  i s  in  the  -<00r>- c ry s ta llo g ra p h ic  
d ire c t io n  w ith  the and th e  -c010*>- axes randomly ro ta te d
about i t .  Thus, i t  i s  considered  th a t  the  g ra in  s tru c tu re  o f  such 
m a te ria ls  posses a  somewhat s im ila r  an iso tro p y , i . e . . s p e c i a l  o rth o ­
tro p ic  symmetry.
c ) . Frequency dependence o f u l tr a s o n ic  r e f l e c t i v i t y .
During the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  measurement 
on a  w ater / a u s te n i t i c  s te e l  c ladd ing  in te r fa c e  u sing  a frequency o f 
2.5MHz., i t  was found th a t  the  minimum r e f le c t io n  due to  the  SAW 
g en era tio n  to t a l l y  d isappeared  fo r  ang les o f ro ta t io n  between 50°
-199-
to  60° from the columnar g ra in  a x is .  I t  was found by re fe re n ce  to  the 
d a ta  obtained  fo r  th e  c a s t  in  S e c tio n (5 .2 .2 .1 .b ) , th a t  in  th is  range 
o f angles o f r o ta t io n ,  the  r e f l e c t i v i t y  p lo t  was dominated by 
the  minimum r e f le c t io n  which corresponds to  the  pseudo-SAW mode. 
Consequently, i t  was necessary  to  dev ise  experim ental co n d itio n s  
which ensured th a t  the  r e a l  SAW could be generated  and d e tec te d .
To th is  end, the  u l tr a s o n ic  r e f l e c t i v i t y  on th is  in te r fa c e  was in v es­
tig a te d  a t  sev e ra l freq u en c ies . I t  was hoped th a t  an optimum 
frequency would be ob tained  which might y ie ld  r e a l  SAW g en e ra tio n .
The freq uencies  used in  th is  experim ent in c lu d e  2.5MHz., 5*0MHz., 
10.0MHz., and 20.0MHz.
The u l tr a s o n ic  r e f l e c t i v i t y  p lo ts  fo r  a  w a te r /a u s te n it ic  
s te e l  cladd ing  in te r fa c e  a t  d i f f e r e n t  freq uencies a re  shown in  
f i g .  40. In  th is  c ase , the  p lane o f inc idence  was o r ie n te d  p a r a l le l  
to  the  g ra in  a x is .  I t  i s  c le a r  from th is  f ig u re  th a t  th e  depth  o f 
the  minimum r e f le c t io n  v a r ie s  s ig n if ic a n t ly  w ith  the  frequency o f 
tran sd u cers  used . The depth  o f th i s  minimum i s  observed to  be 
sh allo w est fo r  2.5MHz., in c re a s in g  w ith  th e  frequency to  a  maximum 
fo r  10.0MHz., and d ecreasing  again  fo r  20.0MHz. A part from the  
v a r ia t io n  o f the  depth o f  the  minimum r e f le c t io n  w ith  frequency, 
i t  was observed th a t  the  p o s it io n  o f the  SAW c r i t i c a l  an g le , hence 
the  SAW v e lo c ity , was a lso  frequency dependent. I t  was observed 
th a t  the  SAW c r i t i c a l  angle in c reased  l in e a r ly  w ith  in c re a s in g  
frequency.
F ig s .4 l(a ) - 4 l(d )  show the  ro ta te d  u l tr a s o n ic  r e f l e c t i v i t y  
p lo ts  on a w a te r /a u s te n it ic  s te e l  c ladd ing  in te r fa c e  measured a t  
2.5MHz., 5.0MHz., 10.0MHz., and 20.0MHz., re s p e c tiv e ly . I t  can be 
seen th a t  a t  2.5MHz., only  one minimum r e f le c t io n  e x is t  a t  a l l  
angles o f ro ta t io n  between 0° to  50° from the  columnar g ra in  a x is  
At 5«0MHz., s im ila r  observations can a lso  be made except when the
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plane o f inc idence  i s  ro ta te d  by 30° from the  columnar g ra in  a x is .
At th is  angle o f ro ta t io n  a shoulder i s  observed on the r e f l e c t i v i t y  
p lo t  fo r  angles o f inc idence  between 33° to  35°. The most in te r e s t in g  
r e s u l t s  a re  ob tained  a t  10.0MHz. At th is  frequency, the  two minimum 
r e f le c t io n s  which a re  expected to  occur, ( i . e .  due to  the  r e a l  and 
pseudo-SAW modes), a re  observed f o r  a l l  angles o f r o ta t io n .  F in a lly , 
a t  20.0MHz., the  minimum r e f le c t io n  due to  the  r e a l  SAW a t  30° 
angle o f ro ta t io n  i s  le s s  id e n t i f ia b le  and v i r t u a l ly  im possib le  to  
d e te c t  a t  h ig h er ang les o f ro ta t io n .
Thus, the r e s u l t s  o f th is  experim ent showed th a t  an 
optimum frequency o f 10.0MHz. i a  the  most a p p ro p ria te  frequency to  
be used in  the  ro ta te d  SAW measurement on th e  a u s te n i t ic  s te e l  
c ladd ing .
d ) .  R otated SAW c r i t i c a l  a n g le /v e lo c ity  measurement.
The r e s u l t s  o f the  ro ta te d  SAW measurements perform ed 
on th e  XZ-, and XY-planes o f the a u s te n i t ic  s t e e l  c ladd ing  sample 
u sin g  2.5MHz., and 10.0MHz. tran sd u ce rs  a re  p resen ted  in  f ig s .
42(a) and 42 (b ). The continuous curves, re p re se n t the  r e s u l t s  
ob tained  a t  2.5MHz., whereas the  dashed curves show the  r e s u l t s  
obtained  a t  10.0MHz. For the SAW measurement a t  10.0MHz., a  p a i r  
o f transducers  w ith  a  d iam eter o f 5«0mm. i s  used.
From f ig .  4 2 (a ), i t  i s  c le a r  th a t  the maximum c r i t i c a l
angles which are  expected to  occur a t  around 45° aad- 155° ang les 
o f  r o ta t io n  do n o t e x is t  fo r  2.5MHz. curve. In s te a d , the  SAW 
c r i t i c a l  angles a re  alm ost co n stan t from 0° to  50° ang les o f
ro ta t io n  befo re  in c re a s in g  toward a  maximum a t  90° ro ta t io n .
For th is  frequency, the SAW c r i t i c a l  angle v a r ie s  by on ly  8/o, 
about h a l f  o f th a t  which occurs in  the a u s te n i t ic  s te e l  c a s t  and 
weld. On the  XT-plane, as expected, the  SAW c r i t i c a l  angle v a r ie s
-204-
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only s l ig h t ly  ( i . e .  1.5%), w ith  the angle o f ro ta t io n  as c le a r ly  
shown in  f i g .  42(b).
However, fo r  10.0MHz. o p e ra tio n , the ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  show good q u a l i ta t iv e  agreement w ith  those measured 
in  the XZ- and YZ-planes o f the a u s te n i t ic  s te e l  c a s t .  In  th is  
case , the SAW c r i t i c a l  angle v a r ia t io n  o f 17/6 has been observed 
compared w ith  only 6% observed a t  2.5MHz. I t  i s  a lso  c le a r  th a t  
the  SAW c r i t i c a l  angles along the  p r in c ip a l axes a re  about 6.5/6 
h ig h er than  those a t  2.5MHz. As expected, the  pseudo-SAW mode 
c o -e x is ts  w ith  the  r e a l  SAW mode i n  s e c to rs  between 50° to  60° 
and 120° to  150° angle o f ro ta t io n  from the  g ra in  a x is .
As f a r  as the  XT-plane i s  concerned, the  r e s u l t s  o f the 
SAW measurement agree q u a l i ta t iv e ly  w ith  those measured a t  2.5MHz.
A very  low degree o f an iso tro p y  which i s  in d ic a te d  by only  1%
SAW c r i t i c a l  angle v a r ia t io n  seems to  agree w ith  th e  X-ray po le  
f ig u re  r e s u l t .  The X-ray po le  f ig u re  suggests th a t  the  XY-plane 
o f  the  c ladd ing  specimen in v e s t ig a te d  i s  in  f a c t  a  b a sa l p lane  
o f  the  specimen which c o n s is ts  o f  a  c y lin d e r - l ik e  g ra in  s t r u c tu r e ,  
hence th i s  p lane i s  i s o t ro p ic .
©)• C onstruction  o f a  c a l ib ra t io n  cu rve .
Although lower frequencies  a re  favourab le  in  most o f the  
ro ta te d  SAW measurement due to  th e i r  deeper p e n e tra tio n , in  some 
a u s te n i t ic  m a te ria ls  the r e s u l t s  obtained  a re  confusing . This 
confusion has been mentioned in  the  preeeed ing  su b sec tio n  and i s  
due to  the  d isappearence o f the minimum r e f le c t io n  which c o rre s ­
ponds to  the r e a l  SAW mode. For these  m a te r ia ls , the d e te rm in a tio n  
of th e i r  g ra in  o r ie n ta tio n s  re q u ire s  a  c a l ib ra t io n  curve o f  the  SAW 
c r i t i c a l  angle d iffe re n c e  (A)» a g a in s t the angle of g ra in  t i l t  (%) 
derived  from the SAW measurements a t  an a p p ro p ria te ly  h ig h er
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frequency, i . e .  lQ.OMEz. The experim ental procedure fo r  c o n s tru c tin g  
the c a l ib ra t io n  curve fo r  the a u s te n i t ic  s te e l  c ladd ing  a t  th is  
frequency has been o u tlin e d  in  S e c ti 'o n (4 .4 .2 .e ) .
P ig . 43 shows a  c a l ib ra t io n  curve o f the SAW c r i t i c a l  angle 
d iffe re n c e  ( / \ ) ,  a g a in s t the  angle o f g ra in  t i l t  $ )  fo r  th is  
c ladd ing . I t  can be seen th a t  th is  curve agrees q u a l i ta t iv e ly  
w ith the one obtained  fo r  th e  a u s te n i t ic  s te e l  c a s t  a t  2.514Hz,
( r e f e r  to  f i g . 27). The obvious d iffe re n c e  between th ese  curves i s  
th a t  fo r  a  s in g le  value o f the angle o f g ra in  t i l t  (1!), the  SAW 
c r i t i c a l  angle d iffe re n c e  in  the  c a s t  i s  g e n e ra lly  h igher than th a t  
observed in  th is  c ladd ing . For example, the  maximum SAW c r i t i c a l  
d iffe re n c e  in  the  a u s te n i t ic  s te e l  c ladd ing  which occurs a t  about 
50° angle o f  g ra in  t i l t  i s  only  270* (4?30*), compared to  about 550* 
(9°10‘ ) observed in  the c a s t .  S im ila r ly  to  th a t  in  f ig .  27 the  
c a l ib ra t io n  curve shown in  f i g .  43 could be d iv ided  in to  th re e  
d i s t i n c t  reg io n s  depending on the  shape o f the  ro ta te d  SAW c r i t i c a l  
a n g le /v e lo c ity  curve involved . The a re a  ( l )  i s  c h a ra c te r is e d  by th e  
curve in  which the  SAW c r i t i c a l  angle d if fe re n c e , ( i . e .  SAW c r i t i c a l  
angle along the  Z ‘-a x is  -  SAW c r i t i c a l  angle p e rp en d icu la r to  the  
Z '- a x is ) ,  i s  n e g a tiv e jand accompanied by the  pseudo-SAW mode.
For both a reas  (2) and (3 ) , the  ro ta te d  SAW curves have th e i r  SAW 
c r i t i c a l  angle d iffe re n c e s  p o s i t iv e  in  th is  case , the  pseudo-SAW 
mode p lays an im portan t ro le  in  d is tin g u ish in g  between th ese  c a se s .
I f  the  ro ta te d  SAW i s  accompanied by th e  pseudo-SAW mode, then  the 
curve must be r e la te d  to  reg io n  2. In  o th e r  cases the curve i s  
more l ik e ly  to  r e l a t e  to  the  reg io n  3* The c a l ib ra t io n  curve 
d e riv e  in  th is  Section  y ie ld s  the  means to  d e fin e  the  g ra in  
o r ie n ta t io n  in  c ladd ing  specimens w ith unknown g ra in  s t r u c tu r e s .
The use o f th is  curve to  determ ine the s p a t i a l  g ra in  o r ie n ta t io n
in  two* d i f f e r e n t  c ladd ing  specimens (CC1 and CC2) w il l  now be d e sc rib e d .
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f ) .  L inear and r e c t i l i n e a r  scanning; o f a u s te n i t ic  s te e l  
cladding; specimens (CCl and CC2) w ith unknown Krain 
o r ie n ta t io n .
In  th is  s e c tio n , the g ra in  o r ie n ta tio n s  in  two d i f f e r e n t  
types o f c ladd ing  specimens a re  estim ated  u s in g  the ro ta te d  SAW 
d a ta  and the c a l ib ra t io n  curve shown in  f i g .  43* Because o f  t h e i r  
dim ensions, the  f i r s t  c ladd ing  specimen (CCl) was scanned l in e a r ly  
w hile the  second c ladd ing  specimen (CC2) was scanned r e c t i l i n e a r ly .  
In  botlx c ase s , the  scanning i s  perform ed on the  XY-plane which in  
p ra c t ic e  i s  the  only  a c c e ss ib le  p lane fo r  u l tr a s o n ic  in sp e c tio n  to  
be c a r r ie d  o u t.
F ig s . 44 and 45 show the scanning p o in ts  as w ell as the  
scanning r e s u l t s  fo r  CCl and CC2 c ladd ing  specimens re s p e c tiv e ly . 
From f i g .  44 i t  can be seen th a t  the  g ra in  o r ie n ta t io n  in  the 
f i r s t  specimen (CCl) v a r ie s  q u ite  sev e re ly  along the specimen. 
S u rp ris in g ly , the  SAW measurement re v e la s  th a t  the  g ra in s  on the  
XY-plane o f th is  c ladd ing  sample m ostly  l i e  w ith t h e i r  axes p a r a l l e l  
o r  alm ost p a r a l le l  to  the  XY-plane. Thus, th is  p lane i s  h ig h ly  
a n iso tro p ic . In  some re g io n s , i . e .  reg io n s  3-5 and 1 5 -1 8 ,the  g ra in s  
a re  t i l t e d  from the  XY-plane by as much as 25? As f a r  as the  
angle o f g ra in  d e v ia tio n  i s  concerned, the  SAW measurement re v e a ls  
th a t  the  g ra in  axes a re  dev ia ted  from the Y-axis by as much as -3 0 ° .
The g ra in  s tru c tu re  in  the  second cladd ing  specimen
however, behaves r a th e r  d i f f e r e n t ly  from th a t  observed in  the CCl
specimen. The scanning r e s u l t s  suggest th a t  the  g ra in s  w ith in  th i s
o ospecimen a re  t i l t e d  between 70 00 from the  f re e  p lan e . Thus,
the degree o f an iso tro p y  o f the XY-plane o f th is  specimen i s  much 
lower than th a t  o f the CCl specimen. The r e s u l t s  o f the scanning  
a lso  suggest th a t  the  g ra in  axes a re  d ev ia ted  in  an an tic lo ck w ise
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d ire c t io n  except those which a re  lo ca ted  between 21 to  23 , where 
the  g ra in  axes a re  d ev ia ted  in  a clockw ise d ire c t io n  by 10° from 
the  Y -axis.
A fte r scanning, both c ladd ing  samples were atched h eav ily  
using  the  e tch an t d escribed  in  S e c tio n (4 .2 .2 .a ) .  The e tch in g  
process re v e a ls  th e  m acrostruetu re  o f these  c ladd ing  specimens 
as shown in  f ig s .  46 (a)-46(b ) and f ig s .  4 7 (a )-4 7 (c ) . As ev id en t 
from these  f ig u re s ,  the  XY-plane o f specimen CGI i s  dominated by 
a  columnar g ra in  s tru c tu re  whereas no columnar g ra in  i s  observed 
on the  s im ila r  p lane o f  specimen CC2. I t  can be seen th a t  although 
the  XZ-plane o f specimen CCl c o n s is ts  o f columnar g ra in s  w ith  
th e i r  axes ap p aren tly  p a r a l le l  to  the  Z -ax is , ( th u s , p e rp en d icu la r 
to  the  XY-plane), r ig h t  on the  specimen su rface  the  g ra in s  a re  
growing p r e f e r e n t ia l ly  w ith  th e i r  axes p a r a l le l  to  th e  XY-plane 
and d ev ia ted  by some ang les from the  Y -ax is. Such a p e c u l ia r i ty  
was n o t observed in  the  CC2 specimen. In  th i s  specimen, th e  g ra in s  
grow from the  a u s t e n i t i c / f e r r i t i c  boundary and extend toward the 
su rfa c e . I t  i s  thought th a t  the d iffe re n c e  in  the  experim ental 
r e s u l t s  ob tained  from these  specimens i s  a t t r ib u ta b le  to  the  m a te ria l 
co n d itio n s . In  th is  experim ent, the  scanning on the CCl specimen i s  
c a r r ie d  ou t on the  as welded specimen. On the  o th e r hand, the  
XY-plane o f specimen CC2 was trimmed fo r  a few m illim e tre s  b e fo re  
the experim ent i s  c a r r ie d  o u t. In  th is  case , a  columnar g ra in  
s tru c tu re  which may e x is t  on the  XY-plane o f th i s  specimen may be 
destroyed . The reason  fo r  the ex is ten ce  o f the  columnar g ra in  
s tru c tu re  on the  XY-plane o f specimen CCl i s  n o t y e t known.
5 .4 .1 .2 .  D iscussion .
In  the In tro d u c tio n  to  th is  th e s i s ,  i t  was mentioned th a t  
the problem of corrosive, a tta c k  on the  low a llo y  f e r r i t i c  s te e l
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Fig-46b- Optical macrographs of an austenitic s ta in le s s  
steel  cladding specimen (CC1) showing a columnar grain 
s tructure  in the XZ and XY planes-
-21  5 -
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F j g . 4 7 b -O p t ic a l  m icrograp h  of t h e  X2 plane of  an austenitic  
steel  cladding spec im en (CC2) sh ow ing  a columnar gra in
s tr u c tu r e -
- 2 1 7 -
Y. E
Fig*4 7 c ■ Optical micrograph of the XY plane of an aus ten it ic  
s tee l  cladding sp ec im en  (CC2) s h o w in g  a  p o l y g o n a l  shape
grain structure*
p ressu re  v e sse ls  can be overcome by apply ing  an in te rn a l  s ta in le s s  
s te e l  c ladd ing  to  the p re ssu re  v e s s e l . This c ladd ing  i s  norm ally 
app lied  as a  weld deposited  o v erlay . The macrograpghs o f an 
a u s te n i t ic  s te e l  c ladd ing  specimen in v e s tig a te d  in  th is  experim ent 
a re  shown in  f ig .  38. I t  can be seen th a t ,  as a  r e s u l t  o f  the 
weld d e p o sitio n , the in te rn a l  c ladd ing  c o n s is ts  o f a  h ig h ly  a lig n ed  
columnar g ra in  s t ru c tu re .  These g ra in s  a re  o r ig in a te d  from the  
a u s t e n i t i c / f e r r i t i c  boundary and grow e p i ta x ia l ly  toward the  su rfa ce  
o f the  c ladd ing . The X-ray pole f ig u re  r e s u l t s  ob tained  from th is  
sample in d ic a te s  th a t  th i s  c ladd ing  has s tro n g  «<00r> f ib r e  te x tu re s  
w ith  the  -cOOr>- f ib r e /g r a in  ax is  p a r a l le l  to  the  Z -ax is . The 
X-ray po le  f ig u re s  a lso  in d ic a te  th a t  i t  i s  is o tro p ic  in  one p la n e , i . e .  
the  XT-plane , and h igh ly  a n iso tro p ic  in  two o th e r p e rp en d icu la r 
p la n es , i . e .  the  XZ- and YZ-planes. Thus, as fo r  a u s te n i t ic  s te e l  
c a s ts  and w elds, th is  c ladd ing  possesses a  sp e c ia l o r th o tro p ic  
symmetry.
The ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  measured on the  
XZ-plane o f th is  c ladd ing  u s in g  2.5MHz. tran sd u cers  a re  shown in  
f i g .  4 2 (a ). I t  i s  c le a r  th a t  w ith  th is  frequency, the ro ta te d  
SAW curve ob tained  from th is  p lane does n o t agree w ith the  th e o r e t i ­
c a l curve p re d ic ted  by a sp e c ia l o r th o tro p ic  model. The main 
d iffe re n c e  between th ese  curves i s  the  disappearence o f the  SAW 
c r i t i c a l  angle maximum a t  around 45° angle o f ro ta t io n  from the  
columnar g ra in  a x is . In s te a d , the  curve v a rie s  s l ig h t ly  from 0° to  
60° ro ta t io n  and then in c re ase s  to  a  maximum a t  90° ro ta t io n .
Prom the  appearence o f th is  curve, i t  seems th a t  in  a  s e c to r  
between 30° to  60° angle o f r o ta t io n ,  the  recorded  SAW trough i s  
the  one th a t  corresponds to  the pseudo-SAW mode. By some reaso n , 
the  trough th a t  corresponds to  the r e a l  SAW mode in  th is  s e c to r  
was no t observed. Thus, i f  th is  frequency i s  to  be used in  th e
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exam ination o f the g ra in  o r ie n ta t io n , one might come to  the  conclusion  
th a t  the g ra in s  in  th is  c ladu ing  do n o t e x h ib it  a  sp e c ia l o r th o tro ­
p ic  symmetry. Such a conclusion  i s  in  to ta l  disagreem ent w ith  the 
v isu a l exam ination and X-ray pole f ig u re  r e s u l t s  which in d ic a te
th a t  th is  c ladd ing  i s  tra n sv e rse ly  is o t ro p ic .
18In  1966, R o llin s , found th a t  i n t  the  study o f an u l t r a ­
son ic  r e f l e c t i v i t y  o f many m a te r ia ls , th e re  e x is ts  an optimum 
frequency which g ives the  maximum o b se rv e a b ility  o f the  SAW e f f e c t  
at...the SAW c r i t i c a l  ang le . I f  the frequency used during- the 
in v e s t ig a tio n  i s  f a r  from th is  optimum frequency, the trough which 
i s  expected to  occur a t  th e  SAW c r i t i c a l  angle w il l  n o t be observed.
In  our experim ent, fo u r d i f f e r e n t  freq u en cies  have been used to  
o b ta in  the  u l tr a s o n ic  r e f l e c t i v i t y  fo r  a  w a te r /a u s te n it ic  s te e l  
c ladd ing  in te r f a c e .  The r e s u l t s  o f the  r e f l e c t i v i t y  measurement 
made on th is  in te r fa c e  fo r  2.5MHz., 5.0MHz., 1 0 .014Hz., and 20.0MHz., 
a re  shown in  f i g .  40. Prom th is  f ig u re  i t  i s  c le a r  th a t  the  trough  
ob ta ined  f o r  10.0MHz. frequency i s  s ig n if ic a n t ly  deeper than  th a t  
ob tained  fo r  o th e r freq u en c ie s . Thus, we conclude th a t ,  o f  a l l  
th ese  freq u en c ies , the frequency o f  10.0MHz. i s  the  most a p p ro p ria te  
to  be used in  the  SAW measurement on th is  c lad d in g . This conclusion  
i s  fu r th e r  ju s t i f i e d  by examining the  u l tr a s o n ic  r e f l e c t i v i t y  p lo ts  
fo r  d i f f e r e n t  angles o f ro ta t io n ,  ( i . e .  0 ° , 10°, 20°, 30°, 40°, and 
5 0 °), as shown in  f ig s .  3 4 (a )-3 4 (d ). From th ese  f ig u re s  i t  i s  
c le a r  th a t  the  coex istence  o f the  r e a l  SAW and pseudo-SAW troughs 
can be observed c le a r ly  only  when the  10.014Hz. tran sd u ce rs  a re  
employed. These troughs can a lso  be observed a t  a h igher frequency, 
i . e .  20.0MHz., bu t due to  the  high e le c tro n ic  n o ise , the use  o f th is  
frequency i s  no t favourab le .
By usin g  a  p a ir  o f 10.0MHz tran sd u cers  o f 5 ^ .  d iam eter, 
the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  was measured on the XZ-
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and XT-planes o f an a u s te n i t ic  s te e l  cladding* sample. The r e s u l t s  
o f th is  measurement a re  shown in  f ig s .  42(a) and 42(b). I t  can be 
seen th a t  the r e s u l t s  o f the SAW measurement on the  XZ-plane o f th is  
sample agree q u a l i ta t iv e ly  w ith those ob tained  from the  XZ- and YZ- 
planes o f the c a s t .  The SAW c r i t i c a l  angle i s  minimum along the 
Z -axis and maximum a t  45° angle o f ro ta t io n  from th is  a x is .  The 
maximum SAW c r i t i c a l  angle v a r ia t io n  o f about 16% was observed as 
opposed to  only  6% observed when the 2.5MHz. tran sd u cers  a re  
employed. One conclusion  th a t  can be made from th is  o b serv a tio n  i s  
th a t  the  g ra in s  w ith in  th is  c ladd ing  have th e i r  -c001'>- c r y s ta l lo -  
graphic axes a lig n ed  p a r a l le l  to  the  Z -ax is . This conclusion  
agrees w ith  the  X-ray po le  f ig u re  r e s u l t s  which in d ic a te  the 
ex isten ce  o f a  high ^002^ po le  i n t e n s i t i e s  a re a  n ear the  Z -ax is .
The ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  measured on the  
XY-plane o f th is  c ladd ing  sample fo r  2.5MHz. and 10.0MHz. freq u en cies  
a re  shown in  f i g .  42 (b ). For the  sake o f comparison, the ro ta te d  
SAW c r i t i c a l  a n g le /v e lo c ity  fo r  a  h ig h ly  is o tro p ic  f e r r i t i c  s te e l  
la y e r  i s  a lso  g iven . I t  can be seen th a t  fo r  both freq u en c ies  the  
curves in d ic a te  the ex is ten ce  o f a  s l ig h t  amount o f an iso tro p y  on 
the  XT-plane o f the c ladd ing  sample. Since the  g ra in s  w ith in  th i s  
cladd ing  e x h ib it  a  sp e c ia l o r th o tro p ic  symmetry, we conclude th a t  
such a  sm all an iso tro p y  i s  due to  the  d ep artu re  o f the  columnar 
g ra in  ax is  from the Z -ax is . Looking a t  the  X-ray pole f ig u re s  
ob ta ined  from the XZ- and XT-planes o f th is  c ladd ing  sample, we may 
conclude th a t  the  g ra in s  w ith in  th is , c ladd ing  a re  such th a t  th e  
XT-plane i s  h ig h ly  i s o t r o p ic .  However, i t  can be seen th a t  such 
a  p lane which i s  considered as is o tro p ic  v ia  the  X-ray po le  f ig u re  
i s  shown to  be s l ig h t ly  a n iso tro p ic  by the  ro ta te d  SAW d a ta . Thus, 
i t  i s  c le a r  th a t  the SAW technique i s  more s e n s i t iv e  in  d e te c tin g  
the ex isten ce  o f s l ig h t  an iso tro p y  in  a u s te n i t ic  s te e ls  w ith  a
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columnar g ra in  s t ru c tu re .
In  the de term ination  o f the g ra in  o r ie n ta t io n  in  th is  
c ladd ing  sample i t  was no t p o ss ib le  to  use the c a l ib ra t io n  curve 
th a t  had been ob tained  fo r  the c a s t  because o f the d iffe re n c e  in  the 
frequency used . For th is  purpose, ano ther c a l ib ra t io n  curve was 
co n stru c ted  as shown in  f ig .  45* The procedure o f the  c o n s tru c tio n  
o f th is  curve has been desc rib ed  in  S ec tion(4*4«2 .e). Comparing 
th is  curve w ith the one obtained  f o r  the c a s t  (shown in  f i g .  27) ,  
one can see th a t  the  main d iffe re n c e  between th ese  curves occurs 
in  a  s e c to r  which i s  c h a ra c te r is e d  by curves o f type 2 and 3«
In  th e  c a l ib ra t io n  curve fo r  a u s te n i t ic  cladd ing  samples th e  maximum 
SAW c r i t i c a l  angle d iffe re n c e  i s  only  270* compared w ith  550* 
observed fo r  the  c a s t .  By measuring the  SAW c r i t i c a l  angle d if fe re n c e  
on the  curves shown in  f ig s .  42(a) and 42(b ) , the  angle o f  g ra in  
t i l t  {(f) 9 i s  derived  d i r e c t ly  from the c a l ib ra t io n  curve o f  f i g .  45* 
For example, the  SAW c r i t i c a l  angle  d iffe re n c e  o f 140* observed 
in  the ro ta te d  SAW curve fo r  the XZ-plane o f  the  sample could mean 
th a t  the  g ra in s  a re  t i l t e d  e i th e r  by 2.5°> 27° o r  71° from the  XZ- 
p lan e . However, s in ce  the  curve f a l l s  in to  curve category  type 1 , 
i t  i s  concluded th a t  the <zL0Ql~>- columnar g ra in  ax is  i s  t i l t e d  by 
2 .5 °  from the  f r e e  p lan e , i . e .  the  XZ-plane. S im ila r ly , the  SAW 
c r i t i c a l  angle d iffe re n c e  observed on the  XY-plane in d ic a te s  th a t  
the - c 0 0 r >  columnar g ra in  ax is  i s  t i l t e d  by 83° from the  XY-plane 
and d ev ia ted  by 5° from the X-axis toward the Y -axis. Since the  
curves shown in  f ig s .  42(a) and 42(b) a re  ob tained  from sev e ra l 
p o s itio n s  on the XZ- and YZ-planes, the g ra in  o r ie n ta t io n  deriv ed  
from th ese  curve re p re se n ts  the average g ra in  o r ie n ta t io n  w ith in  the  
specimen in v e s t ig a te d . A g e n e ra lise d  scheme o f the g ra in
o r ie n ta t io n  e s ta b lish e d  from the in fo rm ation  ob ta ined  from the  
ro ta te d  SAW d a ta  as w ell as X-ray pole f ig u re  measurements a re  shown
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X : X-ray r e s u l t s ,  
o : SAW r e s u l t .
P ig . 48. Schematic diagram o f the g ra in  o r ie n ta t io n  
ob tained  from th e  X-ray and SAW techniques in  an 
a u s te n i t ic  s te e l  c ladd ing  sample.
More p r a c t ic a l  a p p lic a tio n s  o f the  SAW technique in  d e te r ­
mining the  g ra in  o r ie n ta t io n  a re  ev id en t from S e c t io n ( 5 .4 .1 .1 .f ) •
In  th is  S ec tion , we have shown th a t  th i s  technique has been ab le  to  
d is tin g u is h  two types o f te x tu re  in  two d i f f e r e n t  c ladd ing  specim ens. 
In  most a u s te n i t ic  s te e l  c ladd ing , the  columnar g ra in s  o r ig in a te  
from the  fu s io n  boundary and extend to  the  su rfa c e . As a  r e s u l t ,  
the su rface  o f the  cladd ing  possesses a  high degree of is o tro p y . 
However, in  the ro ta te d  SAW measurement, we have found th a t  the 
ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  curve ob tained  from the  XY- 
p lane o f specimen CCl resem bles th a t  ob ta ined  in  the  XZ-plane o f 
the same specimen. This in d ic a te s  th a t  most o f  the g ra in s  on the  
XY-plane grow p a r a l le l  w ith the f r e e  p lan e , the  s i tu a t io n  th as  i s
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i s  n o t expected to  occur in  th e  c ladd ing  p la te .  This r e s u l t  w a s .la te r  
confirmed when the specimen was macroetched. As shown in  f ig s .  46(a) 
and 46(b ) , the XT-plane o f th is  specimen c o n s is ts  o f a columnar g ra in s  
w ith  th e i r  longer axes p a r a l le l  to  the  XY-plane and dev ia ted  a t  some 
a n g le - in  an an tic lockw ise  as w ell as clockw ise d ire c t io n s . The 
r e s u l t s  o f the scanning on the  XY-plane o f the CC2 cladding- specimen 
a re  ty p ic a l o f the  type o f the  g ra in  encountered in  most a u s te n i t ic  
s te e l  c ladd ing  p la te s .  At p re s e n t, in  u l tr a s o n ic  in sp ec tio n  o f the  
c ladd ing  o f th is  type , an assum ption i s  made th a t  the a c c e ss ib le  
su rfa c e , i . e .  the  XY-plane, i s  p e r fe c t ly  is o t ro p ic .  Indeed, i f  one 
examines the  macro s tru c tu re  o f  th is  c ladd ing  as shown in  f ig s .  47(a) 
to  4 7 (c ), i t  seems th a t  the  g ra in s  on th is  p lane a re  o f  the  polygonal 
shape. However, the SAW d a ta  has rev ea led  th a t  the  g ra in s  on the  
XY-plane o f specimen CC2 a re  in  f a c t  t i l t e d  between 70° to  80° from 
the  f r e e  p lan e . Thus, i t  i s  c le a r  th a t  th e  SAW technique i s  capable 
o f re v e a lin g  a  very  sm all amount o f an iso tro p y  e x is t in g  on th e  XY- 
p lane o f c ladd ing  m a te ria ls  th a t  o th e r  techniques cannot. Furtherm ore, 
co n sid erin g  the  dimension o f the  m a te ria l invo lved , i t  seems th a t  
the  use o f the X-ray technique to  determ ine th e  g ra in  o r ie n ta t io n  
in  the  CCl and CC2 specimens i s  n o t p o s s ib le .
Thus, we conclude th a t  the  g ra in  o r ie n ta t io n  w ith in  an 
a u s te n i t ic  s te e l  c ladd ing  p la te  can be determ ined q u ite  a c c u ra te ly  
by u sin g  the ro ta te d  SAW d a ta  ob ta ined  a t  the r ig h t  frequency.
Like those in  a u s te n i t ic  s te e l  c a s ts  and w elds, the accuracy o f 
the SAW technique in  determ ining the  angle o f g ra in  d e v ia tio n  (6 ) , 
depends on the  sharpness o f the curve a t  the symmetry p o s i t io n .
In  g en era l, th is  technique i s  capable o f determ ining the  g ra in  
o r ie n ta t io n  to  an accuracy o f *5°. As f a r  as the  angle o f  g ra in  
t u t  {X), i s  concerned, the e r ro r  in  determ ining  th is  ang le  i s  ±1°.
In  g e n e ra l, in  the determ ination  o f the  g ra in  o r ie n ta t io n  using  the
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SAW d a ta , the use o f the  lower frequency i s  favo u rab le . The use 
o f the lower frequency would g ive a  deeper wave p e n e tra tio n  and 
thus averaging the  r e s u l t s  over the  range o f g ra in  o r ie n ta t io n  
p re sen t in  the  la y e r .  However, in  some cases th is  frequency i s  
f a r  from the frequency o f the  l e a s t  r e f le c t io n  such th a t  the 
o b s e rv a b ili ty  o f the SAW trough becomes poor. For such m a te r ia ls , 
the  choice o f  th e  r ig h t  frequency i s  im portan t so th a t  the  SAW 
can be observed a t  any angles o f o r ie n ta t io n .  In  the a u s te n i t ic  
s te e l  c a s t  and a  weld in v e s t ig a te d  e a r l i e r ,  we found th a t  by 
u s in g  2.5MHz probes, the  SAW trough i s  observable  a t  alm ost a l l  
angles o f  o r ie n ta t io n .  However, th i s  i s  n o t th e  case fo r  an 
a u s te n i t ic  s te e l  c ladd ing . This d iffe re n c e  may be a t t r ib u ta b le  to  
the  s l ig h t  d iffe re n c e  in  the  chemical com position o f th ese  m a te r ia ls . 
As ev id en t from ta b le  5 > the  chromium co n ten t observed in  the 
a u s te n i t ic  s te e l  c ladd ing  in v e s t ig a te d  i s  s ig n if ic a n t ly  h ig h e r l . e . 21^ 
than th a t  observed in  the  a u s te n i t ic  s te e l  c a s t  and .weld, i . e .  18 .2^  
and 17 .8^, re s p e c tiv e ly . I t  i s  p o ss ib le  th a t  the  d if fe re n c e  in  the  
chromium co n ten t lead s  to  the  s l ig h t  d iffe re n c e  in  the  aco u s tic  
p ro p e r tie s  o f these  m a te ria ls  such th a t  the  frequency o f 2.5MHz which 
i s  ap p ro p ria te  in  the  c a s t  and a  weld, does n o t show the. SAW e f f e c t  a t  
c e r ta in  ang les o f o r ie n ta t io n  in  a u s te n i t ic  s te e l  c ladd ing .
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6. GENERAL DISCUSSION.
From the  experim ental r e s u l t s  and d iscu ss io n  p resen ted  
in  the preceeding  C hapter, i t  can be concluded th a t  ro ta te d  SAW 
c r i t i c a l  a n g le /v e lo c ity  measurements may be used to  determ ine the 
g ra in  o r ie n ta t io n  in  a u s te n i t ic  s te e ls  w ith  a columnar g ra in  
s t ru c tu re ,  i . e .  c a s t ,  weld and c ladd ing . We have dem onstrated th a t  
w ith  a  s u i ta b le  goniom eter such a  de term ina tion  could be done in  
le s s  than  15 m inutes compared to  2i  hours needed to  o b ta in  s im ila r  
in form ations from the  X-ray po le  f ig u re  measurement. More impor­
ta n t ly ,  the  p o r ta b i l i t y  o f the  u l tr a s o n ic  goniom eter head makes 
th is  technique more su p e rio r  than  th a t  o f the X-ray techn ique, 
e sp e c ia lly  fo r  o n -lin e  in sp e c tio n  o f a u s te n i t ic  s te e l  welds and 
c ladd ing  p la te s  which a re  commonly found in  the p re s su rise d  w ater 
r e a c to r  (PWR).
In  the case o f an a u s te n i t ic  s te e l  weld, the  accuracy
o f  the r e s u l t s  obtained  u sin g  the  SAW technique was shown to  be
comparable to  those ob tained  from X-ray po le  f ig u re s .  However, the
f a c t  th a t  the columnar g ra in s  w ith in  the bulk o f  most a u s te n i t ic
s te e l  welds l i e  on a  curved path  makes th e . SAW technique only
u se fu l fo r  te x tu re  ev a lu a tio n  in  the  su rface  o f such m a te r ia l .
This i s  so because the  SAW technique y ie ld s  the  q u a n ti ta t iv e
d e sc r ip tio n  o f  the  g ra in  o r ie n ta t io n  to  a  depth o f only  up to  a
wavelength o f the u l tr a s o n ic  used beneath  the  su rfa c e . However,
re c e n t in v e s t ig a tio n  suggests th a t  by modifying the  w elding tech n iq u e ,
i t  i s  p o ss ib le  to  produce a  weld m etal w ith  the columnar g ra in s
ly in g  a t  a  f ix e d  angle r e la t iv e  to  the  weld su rface  re g a rd le ss
96th e i r  p o s it io n  w ith in  the  weld. I f  such a  weld can be r e l i a b ly  
reproduced, then ..the  SAW technique w ill  be very  u se fu l in  d e te r ­
mining the g ra in  o r ie n ta t io n  w ith in  i t .  The in fo rm ation  about the
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g ra in  o r ie n ta t io n  i s  very  im portan t in  u l tr a s o n ic  in sp e c tio n  o f 
such m a te r ia ls . Knowing the g ra in  o r ie n ta t io n  o f the weld, a  
favourable  d ire c t io n  which corresponds to  the  d ire c t io n  o f the 
low est a t te n u a tio n  can be estim ated .
I t  i s  in  the ta sk  o f d e fin in g  g ra in  o r ie n ta t io n  in  
c ladd ing  where th e  SAW technique.show s most prom ise. In  the 
a u s te n i t ic  s te e l  c ladd ing , because o f the  lim ite d  number o f the 
weld runs invo lved , the  columnar g ra in s  produced a re  h ig h ly  a lig n ed , 
and l i e  in  alm ost a  s t r a ig h t  l in e ,  beginning a t  the  fu s io n  boundary 
and extending to  the  su rfa c e . In  Chapter 6 , we have dem onstrated 
th a t  the  SAW technique capable o f  d e te c tin g  a  very  sm all amount 
o f an iso tro p y  on the  XY-plane o f  the  a u s te n i t ic  s te e l  c ladd ing .
For example, r e f e r r in g  to  f i g .  48, i t  can be seen th a t  the  XY-plane 
o f c ladd ing  specimen whose macrographs a re  shown in  f i g .  38, i s  
considered  as com pletely is o tro p ic  by the  X-ray pole f ig u re  r e s u l t s .  
However, w ith  the SAW technique, i t  i s  shown th a t  the  C 001 '>  columnar 
g ra in  a x isa re  t i l t e d  by 83° from the  XY-plane.
The u se fu ln ess  o f  th is  technique can be i l l u s t r a t e d  
by g iv in g  an example o f i t s  a p p lic a tio n  to  the  u l tr a s o n ic  in sp e c tio n  
o f a u s te n i t ic  s te e l  c ladd ing . In  in sp e c tio n  using- the  t im e -o f - f l ig h t  
t e c h n i q u e , accur acy o f the  d e fe c t d e te c tio n  i s  very  much 
dependent upon the  knowledge o f the  v e lo c ity  in  the  a u s te n i t ic  
c ladd ing  as w ell as the bulk f e r r i t i c  p la te  and any welds beneath .
The u ltr a s o n ic  v e lo c ity  in  the  f e r r i t i c  p la te  can e a s i ly  be o b ta ined  
because of i t s  is o tro p ic  p ro p e r tie s . On the  o th e r hand, the  wave 
wave v e lo c ity  in  the  a u s te n i t ic  c ladd ing  i s  d i f f i c u l t  to  determ ine 
due to  i t s  d ire c t io n a l  dependence r e la t iv e  to  the  g ra in  a x is .  Thus, 
to  determ ine the  wave v e lo c ity  in  th is  c ladd ing , i t  i s  e s s e n t ia l  
f o r  the in sp e c to r  to  know the s p a t ia l  g ra in  o r ie n ta t io n  on the  p o in t
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where the measurement i s  c a r r ie d  o u t.
With an u ltr a s o n ic  goniom eter, the  g ra in  o r ie n ta t io n  in  
the a u s te n i t ic  la y e r  can be determ ined e a s i ly  and q u ick ly . As 
d iscussed  in  S e c tio n (5 .2 .3 .1 * a ) , in  the  u ltr a s o n ic  po le  f ig u re , 
the g ra in  o r ie n ta t io n  i s  d ic ta te d  by the  angle o f g ra in  d e v ia tio n
f ig .  29 in  S e c tio n (5 .2 .3 .1 * b ). I f  the  d e fe c t d e te c tio n  were to  
c a r r ie d  ou t u s in g  a normal beam technique ( i . e .  the beam i s  t ra n s ­
m itted  pe rp en d icu la r to  the a c c e ss ib le  s u r fa c e ) , only the  angle 
o f g ra in  t i l t  i s  necessary  to  be determ ined and th is  angle w il l  be
i f  an angled beam technique i s  used such as in  the  t im e -o f - f l ig h t  
techn ique, both  angles have to  be determ ined a c c u ra te ly  so th a t  the 
angle between the g ra in  ax is  and the  beam ax is  can be c a lc u la te d . 
U sually , in  u l tr a s o n ic  in sp e c tio n  o f a u s te n i t ic  c lad  p la te  w ith  an 
angled beam, the  p lane th a t  con tain s the  tra n s m itte r  and the  re c e iv e r  
i s  a lig n ed  p a r a l le l  to  one o f  th e  p r in c ip a l  axes o f the  specimen.
I f  the  angle between the beam ax is  and the p r in c ip a l a x is ,  { e .g . ( ty )  
in  f i g .  49)» the  angle o f g ra in  d e v ia tio n  (§ ) , and the  angle o f g ra in
t i l t  (« ) , a re  known as shown in  f ig .  49» then i t  i s  p o ss ib le  to  
c a lc u la te  the  angle between the u l tr a s o n ic  beam ax is  and the
For these  an g les , r e f e r  to
the  , angle between th e  g ra in  ax is  and the  beam a x is .  However,
columnar g ra in  ax is. (^K) 
From
re la te d  as fo llow s;
Cos CKL) « 1112 * mi ra2 * nl n2
where (l^ ,ra^,n^) a re  the  d ire c t io n  cosines o f the  u l tr a s o n ic  beam 
a x is ,  i . e .  1^ -  cos ( t y ) t m a 0, and n -  s in  ( ^ ) ,  and 
a re  the d ire c t io n  cosines o f the columnar g ra in  a x is , i . e .
1* 1* 1
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Z-axis
Y -axis
columnar
beam ax is
X -axis
Fig* 49* The r e la t io n  between the  columnar g ra in  
ax is  and the  u l tr a s o n ic  beam a x is .
lg  = s in  cos V , ra  ^ = cos & cos If , and ng = s in  &. Knowing th e  angle  
between the  g ra in  ax is  and the u l tr a s o n ic  beam a x is ,  th e  wave 
v e lo c ity  can be estim ated  from the d a ta  o f  the  bulk wave v a r ia t io n  
as a  fu n c tio n  o f g ra in  o r ie n ta t io n  which has to  be p redeterm ined. 
This procedure i s  very  im portan t in  d e fe c t d e te c tio n  and s iz in g  
in  c lad  p la te  so th a t  the high accuracy needed in  such measurements 
can be o b ta in ed .
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7. GENERAL CONCLUSIONS.
The r e s u l t s  o f th e  p re sen t work can be summarised, as
fo llo w s :
1 ) . As a  r e s u l t  o f com petitive  growth in  a  c a s t  a u s te n i t ic  
s te e l  and a combination between com petitive  and e p i ta x ia l  growth in  
a u s te n i t ic  s te e l  welds and c ladd ing , th ese  m a te ria ls  possess s tro n g
001 f ib r e  te x tu re s  w ith the *z:QQl'z> f ib r e /g r a in  ax is  p a r a l le l  to  
the  lo n g e s t ax is  o f the  columnar g ra in .
2 ) . The <100*>- and <r010"> f ib r e /g r a in  axes in  th ese  
m a te ria ls  a re  d is t r ib u te d  somewhat randomly about the -<001> a x is ,  
hence th ese  m a te ria ls  a re  tra n sv e rse ly  is o t ro p ic .  For such m a te r ia ls , 
a  s p e c ia l o rth o tro p ic  symmetry has been proposed and v e r i f ie d  to  
ex p la in  t h e i r  an iso tro p y  behaviour.
3 ). The bulk u l tr a s o n ic  lo n g itu d in a l wave v e lo c ity  in  an 
a u s te n i t ic  s ta in le s s  s t e e l  c a s t  v a r ie s  s tro n g ly  w ith  the  d ire c t io n  
o f  p ropagation  r e la t iv e  to  the  columnar g ra in  ax is  in  a  manner th a t  
agrees q u a n ti ta t iv e ly  w ith  the  th e o re t ic a l  p re d ic tio n  based .on the  
sp e c ia l o r th o tro p ic  model.
4 ) . With an ap p ro p ria te  r e f le c t io n - ty p e  u l tr a s o n ic  gonio­
m eter, the  u ltr a s o n ic  r e f l e c t i v i t y  o f  w a te r /so lid  in te r fa c e s  
provides a  method o f measuring the  su rface  aco u s tic  wave (SAW) 
v e lo c ity  in  a u s te n i t ic  s te e l  c a s ts ,  welds and c ladd ing  w ith  a  h igh  
degree o f p re c is io n . I t  was shown th a t  th is  technique i s  capable
o f m easuring the SAW v e lo c ity  in  such m a te r ia ls  to  an accuracy o f 
the o rd er o f 0 .3^ .
5 ) .  The u ltr a s o n ic  r e f l e c t i v i t y  o f a  w a te r /a u s te n it ic  
s te e l  c a s t  in te r fa c e  a lso  provides a sim ple n o n d estru c tiv e  method 
o f determining- the m a te ria l an iso tro p y . This has been achieved by 
n o tin g  the change in  the angular p o s it io n  o f the  SAW trough when the
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plane o f in c id en ce , ( i . e .  the plane th a t  con ta in s the tra n sd u c e rs ) , 
i s  v a r ie d . Ey doing th i s ,  the SAW c r i t i c a l  angle and hence i t s  
v e lo c ity , can be measured as a  fu n c tio n  o f angle o f ro ta t io n  (©) o f 
the  p lane o f inc idence  and the r e s u l t s  could be compared w ith  the 
p red ic ted  r e s u l t s  based on a sp e c ia l o r th o tro p ic  model.
6 ) .  E x ce llen t agreement between the  measured and the  
c a lc u la te d  r e s u l t s  o f the  ro ta te d  SAW c r i t i c a l  a n g le /v e lo c ity  
measured on the XZ- and YZ-planes o f  an a u s te n i t ic  s te e l  c a s t  
in d ic a te s  th a t  the  su rface  o f the  m a te ria l (up to  2.0mm. beneath the 
su rfa ce ) possesses a  sp e c ia l o r th o tro p ic  symmetry. For th i s  m a te r ia l ,  
th e  XT-plane i s  is o tro p ic  w hile the  XZ- and YZ-planes a re  h ig h ly  
a n iso tro p ic . S ince the  bulk  a u s te n i t ic  s t e e l  c a s t  a lso  possesses
a  sp e c ia l o r th o tro p ic  symmetry, we conclude th a t  th is  c a s t  i s  r e l a t iv e ly  
homogeneous and measurements perform ed on the  su rface  a re  a lso  re p re ­
s e n ta tiv e  o f  th e  bu lk .
7 ) .  By u s in g  th e  SAW techn ique, th e  p la n a r v a r ia t io n  o r  
the  angle o f d e v ia tio n  o f  th e-< 001*>  g ra in  ax is  can be determ ined 
d i r e c t ly  from the  ro ta te d  SAW curve by n o tin g  the angle o f curve 
displacem ent (S) from the  p o s it io n  p re d ic te d  by the  th eo ry . Note 
th a t  the e l a s t i c  co n stan ts  o f an a u s te n i t ic  s ta in le s s  s t e e l  c a s t  
in v e s t ig a te d  p re d ic t  th a t  the  SAW c r i t i c a l  angle would be minimum 
along the ^ 0 0 r >  g ra in  a x is .
8 ) . This technique may a lso  be used to  e stim ate  the 
s p a t ia l  v a r ia t io n  o f the  -<001>- g ra in  ax is  in  an a u s te n i t ic  s t e e l  
c a s t  sample. This was done by o b ta in in g  the  c o r re la t io n  between 
the angle o f g ra in  t i l t  (Jf) from the f r e e  su rface  and the  SAW 
c r i t i c a l  angle d iffe ren c e  (A)* This c o r re la t io n  was then c ap i­
ta l iz e d  in  the  form o f a c a l ib ra t io n  curve. Thus, by knowing the 
SAW c r i t i c a l  angle d iffe re n c e  (A)» and the angle o f g ra in  d e v ia tio n  
(o ) , from the ro ta te d  SAW d a ta , the  exac t o r ie n ta t io n  o f the columnar
-231-
g ra in  can be determ ine a c c u ra te ly . We have shown th a t  th is  SAW 
technique i s  capable o f determ ining  the r e s u l ta n t  g ra in  o r ie n ta t io n  
in  a u s te n i t ic  s te e l  c a s t  samples which have been cu t a t  an a r b i t r a r y  
angle r e la t iv e  to  the  g ra in  a x is .  (P lease  r e f e r  to  f i g .  13 fo r  
d e f in i t io n  o f the angles in v o lv ed ).
9)* The SAW technique has been su c c e ss fu lly  used to  e stim ate
the  -<001:> g ra in  o r ie n ta t io n  in  a u s te n i t ic  s te e l  weld sam ples. A ll 
th e  estim ate  g ra in  o r ie n ta tio n s  a re  in  e x c e lle n t agreement w ith  those 
p re d ic ted  by the  X-ray po le  f ig u re  measurement.
1 0 ). By u s in g  tran sd u cers  w ith  an ap p ro p ria te  frequency, 
th is  technique has a lso  been used su c c e ss fu lly  in  determ ining  the  g ra in  
o r ie n ta t io n  in  on a u s te n i t ic  s te e l  c ladd ing  sample. I t  i s  shown th a t  
the technique i s  capable o f d e te c tin g  a  very  sm all degree o f  an iso tro p y  
th a t  cannot be d e tec ted  by the  X-ray po le  f ig u re . For th is  c ladd ing  
specimen, we have found th a t  th e  SAW measurements a re  b e s t  perform ed 
u s in g  10.0MHz probes.
11 ). This technique has been shown to  be adap tab le  to  ra p id  
s p a t ia l  scanning on two types o f c ladd ing  (CC1 and CC2). The r e s u l t s  
o f  the scanning in d ic a te  th a t  the su rface  o f  th ese  c ladd ing  possess 
d i f f e r e n t  types o f  columnar g ra in s . In  the  f i r s t  c lad d in g  specimen
(CCl), the  SAW r e s u l t s  in d ic a te  th a t  the  g ra in s  grown w ith  th e i r
-£00r=» g ra in  axes p a r a l le l  o r  alm ost p a r a l le l  to  the  XT-plane, the  
co n d itio n  th a t  i s  n o t expected in  most c ladd ing . The SAW r e s u l t s  on 
the second c ladd ing  specimen (CC2) show th a t  the  g ra in s  as expected , 
grow w ith th e i r  c001>* g ra in  ax is  p a r a l le l  to  the  Z -ax is o f the  
specimen. Such r e s u l t s  a re  confirmed by the  m acrostructu re  o f th ese  
c laddings which appear a f t e r  the  cladd ings were h eav ily  e tched .
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8. SUGGESTIONS FOR FURTHER WORK.
The p re sen t work has shown th a t  the  p re fe rre d  g ra in  
o r ie n ta t io n  in  a u s te n i t ic  s t e e l  c a s ts ,  welds and cladd ing  can be 
determ ined q u ite  a cc u ra te ly  by u sing  the sim ple and n o n d estru c tiv e  
SAW technique. I t ;  has a lso  been shown th a t  th e  c a l ib ra t io n  curve 
derived  a t  2.5MHz was s ig n if ic a n t ly  d i f f e r e n t  from th a t  derived  a t  
10MHz. Thus, i t  i s  suggested  th a t  the fu tu re  in v e s t ig a tio n  should 
le ad  to  the  estab lishm en t o f *the frequency o f l e a s t  r e f le c t io n  ' 
which g ives th e  maximum o b s e rv a b ili ty  o f  the  SAW e f fe c t  and hence 
the  deepest SAW trough . Such a  frequency w il l  be o f  value in  the  
d e r iv a tio n  o f  a  s tan d ard  c a l ib ra t io n  curve which may be used to  
determ ine the  p re fe rre d  g ra in  o r ie n ta t io n  o f  any a u s te n i t ic  s t e e l  
m a te ria ls  w ith  a  columnar g ra in  s t ru c tu re  in v e s tig a te d  a t  th i s  
frequency.
The p re se n t in v e s t ig a t io n  i s  r e s t r i c t e d  to  the  use o f  th e  
SAW technique to  determ ine the  p re fe rre d  g ra in  o r ie n ta t io n  fo r  
a u s te n i t ic  s te e l  m a te ria ls  w ith  h ig h ly  a lig n ed  columnar g ra in s .
In  the  fu tu re , the  in v e s t ig a t io n  should be extended to  the  d e te rm in a tio n  
o f the  g ra in  o r ie n ta t io n  as a  r e s u l t  o f mechanical work. For example, 
the in v e s t ig a tio n  may be performed on a u s te n i t ic  p la te s  which have been 
su b jec ted  to  various amounts o f co ld  work. In v e s tig a t io n  a t  v a rio u s  
frequencies may be u se fu l to  determ ine th e  v a r ia t io n  o f th e  p re fe r re d  
g ra in  o r ie n ta t io n  w ith  the  depth o f  the  m a te ria l su rfa c e . An 
in v e s t ig a t io n  th a t  lead s  to  the  estab lishm en t o f the  c o r r e la t io n  between 
the  SAW v e lo c ity  and the  degree o f  the  co ld  work in  a u s te n i t ic  s t e e l s  as 
w ell as o th e r m a te ria ls  i s  h igh ly  recommended. Such a  c o r r e la t io n  would 
be u se fu l in  p re d ic tin g  th e  sw ellin g  behaviour o f fu e l-c la d d in g  and 
o th e r s t r u c tu r a l  m a te ria ls  in  the core o f a  n u c lea r r e a c to r .
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A P P E N D I X  1
I- TN4  > L
PROGRAM CMERY
(.; Y Y Y >K Y Y YY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y >!< Y Y Y Y Y Y Y Y >!< Y Y Y Y Y Y & Y Y Y 
CY T H I S  PROGRAM XS. l JSt f iD I'D C ALCULATE THE V E L O C I T Y  OF T H E  Y 
CY1. 0 N G I ‘1 UD1 NAL AND T R A N S V E R S E  SOUND WAVES I N  THE XZ OR Y 
C Y Y Z - P L A N E S  OF A M A T E R I A L  WI TH A HEXAGONAL SYMMETRY.  Y
C Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 
’ D I M E N S I O N  I P R A M ( S ) ,  M( i 0 0 ) , V i ( i 0 0 ) , V 2 ( 1 0 0 ) , D E V L ( 1 0  0 )  , 
1 D E V T ( 1 0  0 )  >G V E L ( 1  0 0 ) > G V E T ( 1 0  0 ) , D G V L ( i  0 0 ) >D G V T ( i  0 0 )
CALL RMP AR ( I P R A M )
L U ::- I P R  AM < I )
I F  < LU , LT , .1) L U " 1  
W R I ’I E ( L.U , i  )
i  FORMA'f ( 1 X , "YOUR VALUE 01- CM 1 , 0 1 2 , 0 4 4 ,  0 1 3 AND 0 3 3 " )
READ ( L U , Y ) AX > A'Y > A7. , AXX , A Y Y
X=-:AXY1 . E l  0
Y - A Y Y 1 .  E i  0
Z ™ A Z Y i . E i  0
X X = A X X Y i , E i  0
YY~- AYYY1, E i  0
A ~ X - Z
D = X X + 2
H - r Y Y - Z
P I ~ 3 . 1 4 1 3 9 3
D E N= 8  , .117[-13
DO 2  1 = 2 , 9 0
T T T = I - 1
M c n ^ r n
THA--M ( I ) YP I / l 8  0 .
Wi ==SI NCTHA)
W2=COS< TI-IA)
AA“ 4  . YW1YW1YW2YW2Y ( AY1-1- DYD )
BB=W1 YW1 YA+W2YW2YM 
CC= BBYBB~ AA 
DD=SQR l ' ( C C )
E E 1 = 2 + ( B B + D D ) Y . 5  
E E 2 - Z + < B B - D D ) Y . 3  
E E 3  ~  2  Y W 2 YW2 + W1 YW1 Y ( ( X - Y  )/?..)
F I - i ~ E E  1./ D E N  
FI- 2 = EE 2 / DEN 
F F 3 = E E 3 / D E N
C Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 
CYV1 a n d  V2 a r e  p h a s e  v e l o c i t i e s  o f  t h e  ' l o n g i t u d i n a l #
C Y w a  v e a  n d 11’ i e  t  r  a  n s  v e  r  s  e  w a  v e  < p o 1 a  r  i  s  e  d i  n t  h e  X 2  -  Y 
C Y p 1 a  n e ) r  e  s  p e c f  i  v e  1 y . Y
C Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 
V I ( I > ~ S O R T ( F F i )
V2  ( I ) - S QR ' I  ( FT 2 )
P Q 1 < SORT < F F 1 ) > /  ( SORT ( F F 2  > )
Q 0 1  -• ( 2 .  -  P 0 1 Y Y 2  ) /  < 2  , -  2  , Y P 0 1 Y Y 2 )
R 1 -  S ORT ( F F 2 ) Y ( , 0 7 + 1  . 2 0  Y C j O l ) /  ( 1  . +QQ.1. )
S 8 S S “  ( A - H ) Y ( A+ ( W2YW2Y ( l - l -A) ) )
S S S A - ( A Y H - D Y D ) Y ( 4 . Y W 2 Y W 2 - 2 . )
S S S B "  ( A + ( W2 YW2 Y ( l-l-A ) ) ) YY2 
S S S C = ( i . - W 2 Y W 2 ) Y < A Y H - D Y D )
S S S D - 4 . YW2YW2YSSSC 
S S S E ^ S S S S - S S S A  
S S  S I- = S S S B -  S S S' D
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S B S G :-:80k' ' l  ( S S S I -  )
8  SB M - 8  8  S £ /  8  8  8  G
8 8  A A ~ A ~ H+ 8  8  8  H
8 S B B = A - M - - 8 S S H
8 8 8 1  = ( W 1 * W 2 ) / <  2 ,  * D E N * P  F i  )
S 8 8 J  = ( W 1*W2 ) /  ( 2  , * D E N * F F 2 )
S 8  8  K- S B B 1 1 B BAA 
B S 8  L = S S S J  *  8  S  B B
C % * *  >K t  *  1 1  *  * * * * * * * *  *  *  *  *  *  *  * *  *  * *  *  *  *  *  *  *  *  *  *  *  * *  *  & *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  
C* DE VL  a n d  DEV f a r e  t h e  a n q J . e s  o f  d e v i a t i o n  o f  t h e  g r o u p  *  
C * v e I o c i t i e s  o f  l o n g i t u d i n a l  a n d  t r a n s v e r s e  w a v e  f r o w  t h e *  
C * p r  o p a q u  t  .i. o n  d j . r  e c  t  j. o n  ( 1  , m , n ) . *
C *  *  *  *  * * * *  *  *  *  *  *  *  *  He >!< *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  Jjojc *  *  *  *  *  *  *  *  *  *  * *  *  *  *  $  *  $  *  *  *  *  
J ) EYL~ ATAN( S S S K )
DIEVL< 1 > = <Dt:.YL^<iBO .
D li* Y f “  A T A N ( B 8  S I...)
DEVT < 1 ) = < D E Y T * 1 8 U  . ) / P I  
S A P A = 8 Q R T C F F i >
S A P 6 = 0 0 8 < DEYL.)
C * *  *  *  *  *  *  * *  *  *  *  * * *  *  *  *  *  *  $  *  *  *  *  *  *  *  *  * *  *  *  *  *  *  *  *  *  *  & *  *  JK *  *  *  *  *  % *  *  *  *  *  *  % 
CGVEL a n d  G V E f  a r e  t h e  g r o u p  v e l o c i t y  o f  L o n g i t u d i n a l  a n d *
C * T r a n s v e r s e  w a v e  r e s p e c t i v e l y .  *
G V E L ( 1 ) - B A P A / B A P B  
S A P C S Q R T ( F F 2 )
S A P D = C 0 8 ( D E Y T )
GVE f ( I ) = 8 A P C / 8 A P D  
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C*DGVL a n d  DGV f' a r e  t h e  d i r e c t i o n  o f  t h e  G r o u p  V e l o c i t y  *  
C * o f  l o n g i t u d i n a l  a n d  t r a n s v e r s e  w a v e  r e s p e c t i v e l y , *
D G V L ( 1 ) = T T T + < D E Y L * 1 8 0 . ) / P l  
D G V T ( I > ~ T T T + ( D E Y T * 18 0 . > / P I
2  C O NT I NUE  
QQQP=YY/ DEN 
V L O - B Q k i ( Q 9 9 P )
Q U U R = Z / DE N
VT 0 ~ G 9 k i ( 9 0 O k )
V i’O J.=VTO 
T k ~ 0
W R I T E ( 6  , 9 4 8 )
9 4 8  FORMAT<9 X , " A N G L E ( D E G . ) “ , 4 X , “ L T . V E L . ( M / S > " > 7 X , ”
1 " fR . VEL . ( M x 8 )  11, i  0 X , " DEVL " , 6 X , " DEVT " , 4 X , " GVEL " , 5 X ,
2 " GVE‘1 " . BX., "DGVL " , 6X , " DGVT " )
W R I T E < 6  ,  S i  8  i  ) TR , VL 0 , V I’ 0 i  
8 1 8 1  FOkMA'I ( BX , " " , 3X , I- 3  . 0 , 8X , " " , SX , FB , 3  , 8X , " " , S X , F 8 . 3 >
DO 3  L ::1 , 8 9
W k I I  E ( 6  , 4 )  M<L ) > V1 ( L.) , V 2 ( L ) >D E V L ( L ) , D E V T ( L )  , G V E L ( L )  , 
9 G V E I ( L ) , D G V L ( L ) , DGV f ( L )
4  FORMAT ( S X , "  " , 3X , 1 - 3 . 0 ,  S X , " " , SX , FB . 3  , BX , " " , 8X , P 8  . 3  , SX ,
2  " H, 2 X , F B . 3 , 2 X , F B . 3 , 2 X , F B . 3 , S X , F B . 3 , 2 X , F 8 . 3 , 2 X , F B . 3 )
3  CONT I NUE  
Q Q O B - X / D E N
VL..9 0 - B0 k ( ( 0 0 OB )
V f f 9 = V T 0 1  
T B = 9 0
W k I T E ( 6  , 9 1 1 1 ) T B , V L 9 0 , V T T 9  
9 1 1 1  FORMA l‘ ( B X ,  " " , 3 X , F 3 .  0 , S X ,  " : " , S X , FB . 3 ,  S X , " : " , 5 X , F B . 3 )
END
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A (J (I U (J 4 1 0  UN CR AN U0  1 NG 0 U (J i  V B L l< 0 \< =•• U (J 0 0
APPENBXX 2 ( a )  ,
I- I N4 , L
PROGRAM O A F I A
C Y Y Y Y Y Y Y >!< Y Y Y Y sjc Y Y Y Y Y Y Y YY Y & Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y *  Y Y Y Y Y Y Y Y Y Y Y Y Y *  & *  
CU( A PROGRAM US Pi)  f u  CALCULATE I l i b  OUR PACE WAVE V E L O C I T Y *  
CY1N'  "I l-IL HK'J NC'j PAL 1)1RI r C ' l l UNO Ul- ’i Hi::. MA' ibRXAL HAVI NG A Y 
CY0 PI::!CX AL- 0 R 11 •!0 f R0 P !'.0 0 YMME PR Y . >!<
CYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 
I) X MEN OX ON XPRAMC5)
CALL RMP AR< I P R A M)
LU- XPRAM (1. )
9 1 0 1  W R r i L ( L U > l )
1 l-URMA l ( I X  , " XNP Ul  C 1 1  , C 3 3  > C i 3  , C44&C: ‘i 2  " )
R l£ A1) ( L U > Y ) A C 1 1  > A 0 3  0  > A C 1 0  .> A C 4  4 ,  A C 1 2
C 1 1 - A C i 1& i . L 10
C 3 3 = A C 3 3 Y i . E i Q
c  i  3  -  A c  1 3  Y i  . l.-_ 1 0
C 4 4 - A C 4 4 Y  i  . E i  0
C 1 2 - AC 1 2 Y 1 , L 1 0
DEN- 8 ,  1 1.‘/ E 3
C 6 6 -  ( C 1 1 - C 1 2 ) / ( 2 ,  )
C >K Y & Y Y Y Y & & Y & Y Y Y Y Y Y Y & sjc Y Y Y Y Y Y Y Y Y Y Y Y & Y Y Y Y Y Y Y Y Y *  *  & Y Y Y Y Y YY y  Y Y sjc s*c 
C P i r ^  t , a n  a t  t e m p  t  w a s  m a d e  t o c:a I . cu J.a •:e  t h e  0 AW v e i o u  i. t  yY 
C a  1 o n q t h e  p r  1 n c  .i. p a  X a  x j. s  o f  t  h & b a  i-. a  1 p 1 a  11 e  . Y
C Y Y Y Y Y Y Y -Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 
A- ( C l 3 YCj  3 ) / < C 3 2 Y C 1 1 )
0 “ 1 -  A
B1 1  - ~ C  1 i / C 4 4 - i - C  1 :i / C 2 3
B 2 2 ~ : l  . - C 11 / C4 o ( 2  . Y0  YC1 1 )  / C 4 4
B33=— 2 , Y U ~  ( C i l Y 0 Y M ) / C 4 4
B44- -OYO
B 2 ~ B 2 8 / B 1  ft
B 1 = B 0 0 / B 1 1
B 0 - B 4 4 / B 1 1
WR X I E ( LU j. 1 1 )  B2  B 1  ^ B 0 
 ^ 1 FURMA'I ( I X ,  UB2™ ” , L i  2  . b  , I X  , " B 1 - "  , L 1 2  . b  , I X  > 11B 0 - " ? L 1 2  . S ) 
UbHB 1 / b  , -  ( B 2 Y B 2 ) / 9  .
R ~ ( h 1 Y B 2  -  3  , Y B 0 ) /  6  . -  ( B 2  Y B 2  Y B 2 )  /  2  ‘/  ,
OR -OOYOOYOQ+RYR
XI- (OR . L I . 0 . >GU I U 1 6
0 - 0 OR I' ( OR )
T - K - W
n*R+U
P K - i , .
x f ( r r . L r , o . ) p k ~ - i .
Y K - i .
X F ( r . L T . 0 . ) Y K - - 1 .
AAAA'-PKYX ‘1 
A A A B •« A L. I) G ( A A A A )
A A A C - E X P ( , 3 3 3 3 3 3 3 3 3 3 3 3 3 Y A A A B )
S i - P  l< Y ( A A A C )
AAAB-YKY' I  
A A A K= A L 0 0 < A A A D )
A A A I- :- L XP  ( , 3 3 3 3 3 3 3 3 3 / 3 3 3 3 3 3 3 3 Y A A A I- )
S 2  -  Y K Y ( A A A P )
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2:~ (S'l + S 2 ) ~ B 2 / 3  .
U - S U K I  ( U U )
U R I T E ( I . I J , 3 ) U
3  l:- UkMA’I ( i X  , " ULLUU 1 i Y UN '( Hi::. BASAL P L A N t  -- " > t- i 2 , b  )
UYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY^
L Y I h e  n > t  h e S A W v e  X o c i  1 j. e  s  on  •>: h e  a n  .i. s o t i - o  u j. l  p X a  11 e  w e i- • e  Y 
C Y c a  X c  u .1. a  t e  d s  l a  r  i; ,i. 11 q w .i. t h  t  h e  S A l*J y e J. o r. i. t  y a  I. o n q t  n e  Y 
(■'^/.'••ax.L<:> o f  XI i e  i s p e e  i M e n  . Y
CYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYyYYYYYYYY 
) 6  ‘1 (J ™U
A 1 . i ^ ; 3 3 / U i . l “ U 3 3 / C 4 4
Pi22~i  , -*2 . Y'l 0 Y U 3 3 / C 4 4 ~ U 3 3 / l . . : a ' i
A 3 3  ~~2  . Y i 'U“ U3 3 Y n ) Y T i ) / U 4 4
A 4 4 ~ ' l ( J Y i O  i
A 2 - - A 2 2 /  A i  .1
A i  ~  A 3  -3 /  A 1 i
A 0 = A 4 4 / A i  i
Q U U - A i / 3 . “ < A3YA; 3) / V  ,
R R R - t  A i Y A 2 ~ 3  . >KA0 ) / 6  . -  ( A2 YAP.Y A2  > / 2 7  .
Q k u  k ~ u  u  u  y  u  u  (j y  (j u  i>!+ k k k y  r  k k
IKCURUR . L I ' .  0 . ) ivl'j I'U 2 6
w w - s u . k ' i  ( U k U k )
I ' i - R R R - W U  
V l i - K k k + W W  
P P K - i  .
XI- ("I I i  . L'l . (I . > P P I O ~ i  .
Y Y K ~ i  .
11- (X i  .L' l  . U ) Y Yl<» - i  .
AAAU “PPIOKTT i  
A A A l-l -  A L U U ( A A A U )
AAA X ~ L X P  ( . 3  3  3 3 3  3  3  3  3  3  3  -3 3  3.3.3 Y A A A PI)
S b ' i - P P K K C A A A X )
AAAJ - YYKY l ' l  
A A A l< ~ A L. UL ( A A A J )
A A A L - L X P  ( . 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 Y A A A K  )
S S 2  -  Y Y l< Y A A A L 
L i  ~  ( S 3  X ••>• .’•) S 2 )  ■ A P. /  3  .
W i ~ / i Y U 3 3 / ) i ; L N  
U i - S U R  l ' ( W i  )
Wk X IL- (LU > i  (J 0 0 ) U 1 
i l JOO 1-UkHA't < i X ,  "Ul -L . I N  ' / •-BXkb.U' l  XUN UN I HL- YZ- PLANf c  :™ " > b  1 2  . b ) 
l J X< X< :k :i< :vi :K >K >;< >I< :x wc >X >X X< >X >X X< ^  >*< >X X< X< :X X< X< >X X< >X -S< >i< >K >X M< Jic >K >K >K >K -X >X X<
o n  11 e n 111 e  c a  X l  u 1 a  X i o n  w a  & c  o n X i  n u e  d f  o r- X 11 e S' A W v e  X o c. X X y Y 
Oi<;:) c> r  p e n d  i.c  u X a r  t  o i: i\ e  / . - a  x i. s  . Y
2 b  C C l ~ i  . ™ ( C 1 . 2 Y U i 2 ) / ( U i .  i YU ). i  )
P P i = - U ; i i  / U i i - - U i i / U 6 6 )
P P 2 - . 1  . K  2 . Y U /. XYCUi  ) / 0 6 6 - U i  X/ C i  i  
P P 3 - - 2  . YUUi  •- ( U i  i  Y(.;(J :1 YUC;i ) / U6 6  
P P 4»-UUi.YUU:i.
P 2 2 » P P 2 / P P i  
P 1. i ~ P P . : ) / P  P i  
P ( J 0 :~P P 4 / P  P i
(4UP“: ( P i  i / 3  . ) - <  P 2 2 Y P 2 2  ) / V  .
k k P ~ < P i  i  >K P 2 2  -  3  . >;•: P (JO)/ 6 . -  ( P 2 2 Y P 2 2 Y p 2 2 ) /  2 7  .
Ui'^P~ 14(jP YU(jP YUWp i-1(HP YR Rp 
XI- ( U k P  . L'l . (J . ) UU I U 6 
WRP- :-SUR T ( URP ) 
l  p ~ k k  p •■•• w i< p
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9999 
ri 51 i
6
‘I I P -K K P+W RP  
P K l< ~ X  .
I I -  H  I P , L. I , 0 . )Pi<K~-~:i. , ■
V l< K ~ i  .
:Li" ( "I P . L I  . 0 . ) Yl<l<~~i .
AAAn~PK Kf tTTP 
A A A N •”  A I.. U (.•: C A A A M )
AAAU- LXP ( , >
B !\ P i  ~  P l< l< a* A A A (J
AAAP“ YKiOK TP .
AAAO- AL i J O( A A A P )
A AAR - LXP ( . BBB BBB B B BB B B BB 3 3  3 B #  A A A Q )
B K P Z Y l< K >K A Pi A K 
Z R P < 8  R P i  + B R P S  ) •“ P B ; P / 3  ,
9 0  R I-' - 1: i  .1 >|: Z R P /  .0I: N 
OR P ~S 0R  I' C 09K P )
W K I ’I L < L U > W V 9  ) Ui\P
I- OknA'I ( i X , “ 'v'i-L . I N  Y--L>lkL-.i;'l I(JN ON Y Z - P L . A N L - " > L i 'd  , B ) 
UiRi I 'L ( LU > i i i i  )
I- 0 «  H A 'I < 1 X .> " \<  L'l U k  N 11- 0 N i l  NU t  0  I HLP. W1 BL AN Y NUM.Hl:„K " ) 
r l a i x l u , j: .on >
II- CLDM. LO.  0) (JO 10 9 i  (J i  
B TOP
LNJ.)
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APPENDCX 2  < b )
F T N 4  > L..
PROCRAM S YE E Y
VX ^  >X >!< M-: >!< >X >X >X >X >X >X >£>: >X >X >X >K >;c >X >1-* ^  >X >X >!< >X >X >X >X ;X  >X >X >K >X Xc >;c
CYA COMPUTER PROORAM USED TO CALCULATE THE S URFACE UA0 EY 
OYUl: L O C I  "I Y i  N OP. NEPAL D I R  EC'! 1UNS UP 'I HE X Z -  UP YX~P LANEY
CYOP'  A MATERTAL WITH A S P E C I A L  -UR THU I'R UP 1 0  SYMMETRY . Y
CyYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 
COMP LEX A I' I' 1 . A I" I E > A C i  > Pi 0 2  > ACS , P 1 ,  P 2  , P S ;. U1 , IJE > US 
COMPLEX A'!'! 0 v A A „ AC > AC VAD,  AL }AP . A U > A i-! > A1 > A DE'l > AMAO 
COMPLEX i'E T 3 > AC4 , A CO .»CA .> C D ,> CC > CT> ,* CE , CE , CO ;. CPI ;. C-f * AC7  
COMPLEX XI...i > X L 2 > X L 3 v X L 4 > X M i  > X M2 v X MS , X N i  >XN2 , XN3 , X U i  
COMPLEX TO I S  > XP :i. > X P 2 ,  XP S  > AMP 1 > AMP . R A TAO . R A T I  0 > SA TU 
COMPLEX ES >'l E l  2  > I U'l i  >'I U'l 2  XU2 > XUS > DU A > E i  > E 2  >'I E l  i  
i) I  MENS i  ON I  PRAM ( S )  > DM AO ( i  0 U )
CALL P M P A P ( I P P A M )
LU-.I.  PE Ah ( i  )
:lp ( L . u . p u , (j ) LU--Y
9 7 6  W R.i: I E £ I . U > i  U 0 )
:UJ 0 I- UPMA'l ( i X  > *' INPIJ' I  I N ANCLE AND UELUCl ' i  Y " )
R EAD ( I . I J ,  Y ) I P! > UA 
C i i ~ 2 b . i 2 E i ( J  
0 1 . 2 = 1 3  . 0 4 E l  0 
0 4 4 - i  i  . E S I - i  (J 
0 1 3 = 1 5  . 39E.1. 0 
C S S - 2 2  . (J I E  10  
P i - 3 . 1 4 1 8 9 2  
'T PI A "-"I HY ( P 1/ i f cfO , )
D E N - S , i 1 YES 
W:i =CU ST1 PIA)
W 2 = S I N < T H A )
A i - C i  i / D E N  
A 2 = C 4 4 / D E N  
A S - C i 2 / D E N
A4™ ( ij 1. i - C  1 d ) /  ( 2  , YOEN)
A b - C i S / D E N  
A 6 = C - S S / D E N  
'I C - C 4 4 / D E N  
D C - S U P T ( TC J 
B S - P i i  YA2YA4 
A 0  -  ( A 3 A 4  > Y W .1.
A 9  -  ( A d •< A b ) Y W1 Y W d 
A 1. 0 - A S
A i  d -  C Pi d  A b  ) Y W d 
A 1 3 - A 9  
A 1 4 - P i  1 2
DO 1 . 2 3 4  i. 1 1 0 0
U - V A + 1
UN- EE' UC
A 7  -  A i  Y W i  Y W i A  d  Y W 2  Y W d -  V Y U 
M i i ~ - “UYU*-A4YUi YUi +A2YW2YU12 
A i  b - A 2 Y U  1YW1 + A6YW2YU2---UYU
B 2  -  -  ( A S Y Ai S Y A d ) ->• A 4  Y < ~ A 1 d Y A i  2  A 1. i  Y A 2  A :i. Y A 1 3  ) + A 7 Y A 2  Y A i  
Y A—A 7 Y £ P-i i  b  Y A i + Pi i  1 Y Pi 2  — A i  d Y A i  2  ) A S Y C A i  2  Y A V — A Pi Y Pi 1 b  )
B 1 = Y A '<■ A 9 Y ( A i  0 Y A 1 2  -  A 9 Y A j. ) *-A4YAi  i  YA1S 
B O - A X Y A i  i Y A l b ~ A 9 Y A 9 Y A i l
c y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y
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C r i H L N  'I Hb AVI LNUA'I XUN CUN8 I AN I WLKL PUIJND BY bULVXNGY 
CY I H I S  C U B I C  LOUAl ' XUN WMbRE XI" II Ii::! UALUE UK UYR Xb <0Y 
CYNLW'IUN APPkUXXriA' I  I ON Mb'I HUD WAb UbLD I U b UL UL  I Ht. Y 
CYbOUA I'XON AMD CK GYP Xb > 0 > I'HK Mb I HOD 8 U G G E 8 I K D  BY Y 
GY'I 1-11::. M A "I H b  M A' I X C A L H A M D B (J (J l< W A S' U 8  b  D . Y
C Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y 
B 2 1 = B 2 / B 3  
B l i = 8 1 / B 3  
B ( J i = ' B U / B 3
U -• B 1 1  /  8  . -  ( B 2  j. Y B 2  i  > /  9  .
k -- ( B 1 1  Y B 2 1  •- 3  . Y B (J i  ) /  6  . -  ( 'B 2  1 Y B 2  1 Y B 2  i  ) /  2. 7 . 
QR^UYUYXH-RYR 
XI- (UR , Cl- , (J . ) CL) 'I C i V b  
| -: 0 ,
i 4  R A- ' !  Y'l Y'l + B 2  i  Y'l Y'l + B i  1 Y'l + B 0 i
8 = 8  . Y I'Y 1 + 2  . Y B 2 1 Y T + B 1  X 
T 2 = l ~ k K / 8  
R.1.2=ABC ( RM )
T=' l  2
XI- ( k i . 2 . L l , 1 . L - B  ) CU U J  bU 
GO TO 1 4
5 0  T2= ' l  - K M / 8
XK < l‘2  . L "f , 0 . ) GO I'O S i
AI 0 = ' 12
ACC I)= SOR l' ( ATO )
A'I I 0=CMP LXCl  2  > (I , )
AC3 = CMPLX < + A C C 0 , 0 , )
GO "I'U b 2
5 1  ATf l M' OMP LXt  l ' 2 > 0  , >
8 8 i = A B 8 C l 2 )
8 8 2 = S Q R 1 ( 0 8 1 )
AC3=CMPLX CO. >- 8 8 2 )
8 2  1)1 = 8 2 1  • M 2
1)2=1) 1 Y'l 2 + H i  1
D 8=.'() 1 Y .'01 -  4  . Y D 2
'IP ( D 3  . L'l . (J . ) GO I U 2 0  01
D4~:b ORT  ( 0 8 )
"f 3  — C-  D 1 + D 4 )  /  2  .
XK ( T8 . G I". 0 , ) GO 10 4 0  
b  b  3 = A B S ( I 3  )
8 S 4 = S 0 R I ( 8 8 3 )
A C 2  =~ C M P I... X ( 0 , > - 8 8 4  )
GO TO 4 1
4 0  b b b :- b O k  I ( I 3  )
A C 2  ~ C M P L X ( ~ 8  8  b > 0 . )
41 T 4 ~ - C “D i ~ D 4 ) / 2 .
X K ( T 4 . G l \  0 . ) GO I'O 4 2  
8 8 6 :- A B b  ( 'I 4  )
8 8 ? = S Q R  I' ( .8 8 6  )
A C 0 = C M P L X ( 0 . , - 8 8 9  )
A I' I ' 1=CMPLX(  1 3  > 0 . )
A "I "I 2-~CK.PLX.Cl 4  ; U . )
GO I'O 1 9 4
4 2  b b b - b C P I  Cl 4 )
ACO- CMPLX ( l ' 4 , .0 . )
A'l I 1 :-CKiP L.XCI 3 > 0 , )
AT l ' 2=CMPLX(  1 - 4 , 0 ,  )
GO '10 1 9 4
1 9 b  A T 0 R = 8 0 R  l ' (QR )
W - R - A ’I UR
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YK:~ i  .
i:F ( W . L P .  0 , ) Y i< -• :l .
WW-K + A’I UK 
P l < ~ i  .
II- < WW . L'l . 0 . ) P l < ,
A I'AA-^PKYWU
A I A H -  . b b b b b b b b b b b b b b b b b Y A i .  UU ( A I AA )
A T A k - L X P  ( A l 'AH) 
b i - P K Y A ' i  AK 
A I 'PA-YKYW
A "I jtfH-il . b b b b b b b b b b b b b b b b b Y A L U U  ( A I PA )
A I’BK- ' LXP ( A I 8 b  >
Sb~Yi<YA' l  };iK
X l  = < b i - P b b ) - " 0 b i / 3  .
I P  ( ' / . : ) .  L I . (J . > UU tU i U i  
A O C u ~ Z l
A'I 0 » b U k ' l  ( AUC (J)
A I' T 1) --CMP LX C /. 1 > 0 . )
A U 3 -  C imPLXC  A'i U > U , >
0 0  i '0 1 0 b  
Ui  i  i n.UU~AHb<Xi  )
L O G i ~ S O K  I ' ( L O G )
A(. ;3~c;mi ‘l x  < u . > “ E G G i  >
A r ! O- GMPLX (Z. i . , 0 . >
:i Ob Z b ~ ~ < b i * b b ) / b  . “ B b i / b  .
A I ' OK- b Ok  l ' ( b  . )
2 b i - A ' l  U k Y ( b' :i. b'L ) /  b  .
a t  r i - :U h P L X ( / b  > z b i ) 
z b i - - x b i
AT r b ~ C H P L X ( / . b , Z 3 I )
AU4~UbUK' i  ( A'I l ri.)
A u b ~ - ~ A 0 4  
A U O - u b w k ' i  (A' i  i b )
C >K >K >X Xv >W >4< >K >X >:< >«: j{< >X X- x: >X >X >I< >X >K >X >K >X X< Xv X: ^  >!» Xi >5: X- iK Xv ^  >K JfrC
u y  i 'pi l  K u u r s  u  p  r a  j: n  u p  pi- i l s  i l l  j . . «  , p u p  p h e  l o u a  i t  o n  i n  i ' pi l  y
UYPUkH Ul- XYXYX-PaXYX-PbYX-Pc , X i + X b - i - X b - - a  , X i  Y X b  •*• X i  Y X b  •*• X b  Y X 3  ~ b Y
CYANl) Xi YXbYXb-~- -C Y
u y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y
I. V4 I'U 11 - A L U  YAUO
'( u ' i b :” Ai . ; bYAub
11) ( 3 - P i U b Y A C b
1 b  I i ~A' l  I U^A'I I i-l  A'I I b
l b  i b - :: ( A I l '0 YA'I' I ' i  > + < A r I 0 Y A I i 'b> i-( AT I ' lYA f ' T b )
'I b I b - A ' I  1 OYA'i 1 i YA'I I b
u y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y
OY ( P i .  . . b  ? U.l i > L i . . . b )  l b  A VLCI  Ok O O k k L b P U N U  TO LAO Pi Y
LYOALUb UP A'I I LNUA' i l UN UUNb' l  AN'I b  PUk WHICH I HP k A'I 1 0  Y
CYP i U i L A k b  KNOWN i N I LKr i S UP l i i L  UUP AO I'UK UP' THE Y
I • Y D I-. I In. K Pi 1 PI A N I > Y
u y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y
P i  -  < A i  i  •*• A i  Y AU 0 Y AO (J ) Y ( A i  b + A b  Y AU U YAC 0 ) -  A i  b  Y A 1 4  Y AU U Y AU 0 
P b  -  ( A L1 A 1 Y A U b  Y A 0  b ) Y ( A i  b + AbY AUb Y ACb ) - A 1 b  Y A i  4 YAUb YAC2  
P b -  ( A.i i  -t-Ai YAUbYAUb ) Y ( A i  b + Ab YAUb YA0 b ) -  A i b Y A i 4  YAUbYAUb 
. U 1 -  Pi i  b  Y A 1 b  Y A U U A i  U Y A 0  0 Y ( A 1 b <’• A b  Y A U 0 Y A U 0 )
LJ b  — Pi i  b  Y Pi i  b Y A U b  — Pi 1 0 Y A Ub Y ( A 1 b •*• Pi b  Y A U b  >!• Pi U b  )
U b - A l b Y A i b Y A U b  - A i O Y A O b Y  ( A i b - P A b Y A C b Y A O b )  
b 1 ~ A i  0 YA1 4  YAU0 YAU U •- A i  bY ( A i  i  •*• A i  YAC 0 YAP; 0 )
L b  -  A :L U Y A i  4  Y A U b  Y A 0  b  ••• A 1 b  Y C A i  i  + A i  Y A C b  Y A C b  )
In. b  ~ Pi i  (J Y PI i  4  Y Pi U b  Y Pi U b  — A 1 b  Y ( A i  i  + A i  Y Pi C b Y' A U -:i )
u y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y
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C Hi' I H b B (J U N i ) A i\ V C U i'm D J. I j. U N U I- ' I H L I- U U A I 1 U N W A S ' I H b. N C H L C i< I-.. J > Hi
u/Ki£.1: i i - i l r  .1: r g o e s  r u  x e r o  u p  n u t .  h<
(: >v- >;< >K >!< ^  >}c ^  >{< >X >K >K >K ^  jjc >K >!-: >ic >K >K >K ^  >{: :;v: M: j{< >K >!■: >K >K >K >;c ><: ^  ^  >K
CA~Wi Hi Ui  ^PiHiACO 
A A - C A / i  . L i  3  
CB~UrH<UB-*-PbHiAC2 
AB:~ C B / i  . L i 3 
C U -  0  X >!< I.J 3  -*• A 3  Hi A C 3 
A C ~ C C / i  , L i  3 
CD~40PH<Ul.-i-EiHiACO 
AD:;~CD/  i . L:. i  Li 
Cb-UPHi UPi -ESHi ACP 
AI : ~ - CL/ i  . L i 3 
CF-WPHiUSJ-ESHiACS 
A I- :~Ci“ /  :i. . 1 - 13  
CG-~UiM<P iHiA3->-U Oi iACuHiAi+ WPH<Ei>kAS 
AG=-CG/1 . L i 3  
CH» Wi Hip 2 *  A3 +U2 Hi AC2 *  A i-HJPHiEPHi AS 
A H - U H / 1 . L 1 3  
C. i ; -4<J i *P3Hi A3m3H: AC3H<Ai +WP*E3Hi AS 
a:i - C ; i / 1  . L i 3
C Hi Hi Hi & Hi ^  Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi >K Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi >K Hi Hi >K >K Hi H: Hi Hi Hi Hi Hi 
CH<HIE A f I'KiiP f WAS I'HLN MADE I’D CALCULATE I'Hb R A T I O  BE I UEENHi 
GHi' lHb ULk' l  J.CAL AN)) HOP i ' / .UNl  AL AXb S (Ji 1 ML PAP' I  i C L . b S  DJ.S-- Hi 
CH<PL.ACLMLN I B L L L 1 P-S'E . H<
C Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi >K Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi H: Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi 
X L i  --Ah Hi AI  -  A P Hi AH 
X I.. P “  A D Hi A 1 -AI-HiAU 
X L 3  = A D H< A H -• A E Hi A G 
XL4»- XL. . 2
ABE l‘=A A Hi X L 1 -  A B H< X L 2 + A C H< X L. 3  
A H A G ~ C A B S ( A D L ' I )
X M i ~ P  IHiXLi  
Xiv»Pr~:PPHiXL4 
XM3=P3H<XL3 
X N i ~ U  i  Hi XL.i 
XN2=U2Hi XL4 
X N 3 = U 3 * X L 3  
X O t = E 1 . # X L i  
XUP~LPH: XL4 
XG3=b3H<XL3
XP i < XPi i  ■*•XM2 +XM3  ) /  i  . L2 0 
X P 2 -  ( X N i  •}• X N 2 + X N 3 )  /  .1 . E 2  0 
XP3- -  ( XU i  + X(.J2 + XU3 ) /  i  . L 2  (!
SA I'U -CABS ( XP 1. ) 
D U A -  C A B S i. X P 3  )
I' OvA-HA r u
L F i P A l —PUA 
L N A h  E M P A f /  T I G  A 
TU J  UH-A' I  AN ( LNAi-i) 
P A J 0  K “  < I U J' U H Hi 1. B O . )  /  P I  
A Pi P i :-X P 3 Hi X P 3  -f X P i  Hi X P i  
AMP- COUP I’ ( AMP j. ) 
R A'I A U - X P 2 / A M P  
P A r i l 4 - :CABS(  P A T A U )  
k A I 1 u  K m I 1 W
C Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi >K >K Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi Hi #  Hi 
CHi I'U F I N D  I HE PCGHV UAI.UL OF U ( UELOC C CY) , S E R I E S  OF (J w E P E  H< 
CHi I N S b k  ‘I Li) lU "I HL LOU A l l  UN AN1) I HL IUGH'1 U ALU I:. LJ 1- V I S  
CHi OB l‘A XNLl) U Hl N I HL ABSULU I'L NAGiM L I Ul)L UF VUE BOUNDARY
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Texture s tu d ies  of austen it ic  w eld  metal 
using e la st ic  surface  w a v e s
G. J. Curtis and N. Ibrahim
Austenitic weld metal exhibits an epitaxially 
developed columnar grain structure which is 
elastically highly anisotropic. Ultrasonic inspection of 
such waves has proved difficult because o f the 
directional variability o f the velocity and attenuation 
of elastic waves. Beam skewing, bunching, and 
spreading take place. If the texture within the weld 
varies strongly from point to point, it is likely that the 
reliability o f  conventional inspection methods will 
also vary. The purpose o f this paper is to outline the 
use o f surface waves in studying the spatial variation 
o f texture within austenitic weld metal. Rotated 
surface acoustic wave velocities have been measured 
and compared with X-ray pole figures for several 
different weld structures and for cast material. Pole 
figures obtained from an austenitic butt weld reveal 
that it processes a strong <200) preferred orientation 
with the [200] axis parallel to the columnar grain 
axis, but with isotropic behaviour around this axis. 
M acroscopically, the weld thus processes a special 
orthotropic structure. Rotated surface wave velocity 
measurements about the [200] axis show no 
directional dependence. On the two other planes, 
mutually perpendicular to the (200) plane and to each 
other, the surface wave velocity is directionally 
dependent in a manner which agrees qualitatively 
with theoretical calculations from a special 
orthotropic model. Further correlation was obtained 
from measurements on a cast austenitic ingot.
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The macrostructure of multipass austenitic stainless steel 
weld metal is significantly different from that found in a 
ferritic steel weld. The absence of a phase transformation in 
the austenitic weld causes the metal structure to consist of 
columnar grains which are formed as a result o f expitaxial 
growth during the interpass cooling process.1-3 These 
columnar grains grow essentially along the lines of heat 
dissipation resulting in weld metal which is acoustically 
anisotropic4 and presents a problem in ultrasonic 
inspection.5,6 Thus it is important to have a sound 
understanding of texture, the extent to which it varies within 
a weld or a cladding layer, and the extent of variations 
induced by different welding processes.
The most common way o f describing texture is through 
X-ray pole figures. In this, the spatial distribution o f the 
pole of a particular crystallographic plane is obtained by 
collecting the X-ray diffraction at a set of angles.1 It does, 
however, demand that small specimens are cut from the 
component under examination. Such a limitation makes 
complete coverage of the component impossible. In some 
cases random sampling might be sufficient but if (as might 
be suspected o f austenitic welding and cladding processes) 
there is a strong spatial variation in texture, a non­
destructive technique is desirable. The purpose o f this paper 
is to introduce the surface acoustic wave (SAW) technique 
o f texture determination. It is suggested that if rotated 
surface wave measurements are made on samples cut at 
various angles to the columnar grain axis o f a stainless steel 
ingot, these form a set o f calibration curves leading to 
texture determination from similar measurements on the 
surface of a production weld. The calibration ultrasonic 
pole figures are correlated with X-ray pole figures taken 
from the samples cut from the ingot. Ultrasonic pole figures 
made at desired points on the surface o f the production weld 
are then compared with the calibration ultrasonic and X-ray 
pole figures to allow a diagnosis o f texture to be made.
BASIC PRINCIPLE OF SAW VELOCITY 
DETERMINATION
As Fig. 1 demonstrates, when an elastic wave is obliquely 
incident upon a liquid/solid interface, one specularly 
reflected and two refracted waves are produced. As the angle 
of incidence is increased the two refracted waves eventually 
become critically internally refracted. The angles of 
incidence for which the critical internal refractions occur can 
be determined by monitoring the amplitude o f the reflected 
wave. As Fig. 2 shows, each criticality is marked by a peak 
in the reflected wave amplitude. It will be seen that 
following the shear wave criticality the reflected amplitude 
suddenly decreases to a minimum and then rises to become 
constant. This trough is derived from interference between 
the specularly reflected wave and energy shed from the 
surface wave which propagates along the surface.8-10 This 
surface wave has elliptical particle m otion, being composed 
o f longitudinal and shear components. Its velocity CR can be 
determined via Snell’s law
CR =  C 1/s in 0 R............................................................................(1)
C, being the velocity o f sound in the liquid and 0R the angle 
of incidence corresponding to the trough in the reflected 
amplitude.
At Harwell an ultrasonic goniometer has been in use for 
many years to automatically derive the goniogram 11 of 
Fig. 2. Figure 3 shows the device and its associated con- 
stant-temperature bath. It will be seen that the stepping 
motor driven ultrasonic transducers are held such that their
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1 G e o m e tr ic  r e f le c t io n  an d  re f ra c t io n  o f  d i la ta t ion a l  
pu lse  a t  l iqu id /so l id  in te r fa c e ;  c o n d i t io n s  exis ting  
w h e n  v e loc i ty  o f so u n d  in liquid is less t h a n  t h a t  o f  
s h e a r  w a v e  in solid
plane can be tilted in two mutually.perpendicular direc­
tions and also rotated. Such flexibility means that any speci­
men with an accessible surface can be put into the bath 
and goniograms derived for any point on that surface. The 
stepping motors driving the transducers are synchronized to 
a similar m otor which drives the chart paper o f a pen 
recorder. The amplitude o f the reflected pulse is measured 
electronically and converted to a dc voltage which is fed to 
the chart recorder. Determination o f  surface wave velocity 
via equation (1) involves stopping the transducers at the 
moment the pen recorder registers the bottom of the surface 
wave trough and reading the angle o f incidence from the 
vernier scale engraved on the body o f the instrument. The 
accuracy of velocity measurement is determined by the 
accuracy with which the critical angle is measured; in the 
current device this is ~0 -l% .
For isotropic materials the surface wave velocity is given
by
/g A)-87 +  M 3 v\W  A - T T T - ) ......................................<2>
where G =  shear modulus, p  =  density, and v =  Poisson’s 
ratio.
The wave penetrates to a depth o f the order of the 
wavelength of sound used, hence the velocity determined by 
the technique is for surface material. In the usual operating 
frequency range o f 1 -20  M H z, the depth of material 
analysed will vary between 0-2 and 5 mm. The velocity o f a 
surface wave is thus indicative o f som e surface mechanical 
properties and the local density. A mixture o f elastic 
constants is involved, but since the velocity is ~0-9  of the 
shear wave velocity, it is indicative of surface shear 
properties.
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2 V aria t ion  in re f le c te d  a m p l i tu d e  o f  u l t r a so n ic  pu lse  
a t  w a te r / s t e e l  in te r fa c e  a s  fu n c t io n  o f  an g le  
in c iden ce  (g o n io g ra m )11
In anisotropic material the surface wave velocity is a 
function o f direction. As measured by an ultrasonic 
goniometer, velocity is a means o f following changes in 
some surface mechanical properties o f com ponents with one 
accessible surface. It thus has potential as a means of..
3 H arwell u l t ra so n ic  g o n io m e te r
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assessing the texture in materials. In the present paper the 
material, the texture o f which will be assessed, is stainless 
steel weld metal. Previously, this type o f weld has been 
modelled as a single cubic crystal.6 However, macrographic 
observation and preliminary X-ray pole-figure 
measurements have led us to suggest that this weld possesses 
a special orthorhombic symmetry, in which the crystallite 
orientation is random in one plane and highly anisotropic in 
the other two planes.
SAW PROPAGATION IN MEDIUM WITH ORTHO­
RHOMBIC SYMMETRY
The formulation which follows derives from a general one 
by Stoneley.12
If a set o f Cartesian coordinates are set up in the surface of 
a specimen as shown in Fig. 4, then the solution for a SAW  
travelling in a direction defined by  the direction cosines / 
and n is a linear combination of terms o f the following 
form12,13
(u,v, n*) = (C7, V,W)
x e x p [ i k q y  +  ik(lx +  nz — C t )]  . . (3)
where (u, u, iv) are the displacement components measured 
along Cartesian coordinates (x, y,  z), U, V, W,  and q are 
constants, and C is the phase velocity incurred on the 
propagation vector k. Substitution o f equation (3) into the 
equation of m otion yields a set o f linear algebraic equations, 
the non-trivial solution o f which requires that
C u l 2 +  c55n2- p C 2 + c 66q2 (c12 +  c66)/p 
(c12 +  c66)/g c66l2 +  c44.n - p C  +  c 22q
(c55 -h c l3 )/n {c23 +  ciA)nq
in which are the nine elastic constants and p is the density 
of the solid.
Since equation (4) is a sextic in C and q, any assigned 
value of C will, in general, give three pairs of complex 
conjugate roots q. O f these six roots only the roots that lie in 
the lower half of the complex plane give propagating terms 
satisfying the condition at infinite depth that the 
displacement is zero. The amplitudes of displacement 
(uj, Uj, Wj) corresponding to any q are given by
^  = = = y = 1 , 2 , 3  • .(5)
£j “j
where
Sj =  (f66/2 +  C44 n2- p C 2 +  c21q])
x  (C'55^2 +  C4 4 , , 2 — p C 2 +  C33 g 2 ) — ( c 23 +  c 4 4 )/l 9j
Vi =  (C23 +  C44)(C55 +  Cl3V»2gj
- ( c 55 /2 +  c44n2- p C 2 +  C 33g ? ) ( c ,2 +  c66)/gj
“j =  (c i2 +  c66)(c23 +  c44)/ng?
-  (c6612 +  c44 n2 -  p C 2 +  c22 q] )(cx 3 +  c s 5 )ln
In all, the general values o f displacement which satisfy the 
equation o f m otion and in addition tend to zero as y  - » a are 
given by
3
(u,u,w)= £  (fj.ifc.ccjJKj • 
j = i
x ex p  l ik(lx +  nz +  qj y - C t ) ' ]  . . (6)
dw dv n du 3u‘t~ + t-  = 0, —+ — = 0,
oy oz dy dx
du
Cl2 t e +Cl1 dy
dv du1
11 “  + c 13 — 0
(7)
leading to the ‘boundary condition’ determinant o f  the form
Wjl =  0,  ! , ; =  1 , 2 , 3   .....................................   (8)
where
/ i j  =  fy i +  £ j9 j  
fz-j —
f  k’l2 g , n c l 3  C11
Equations (4), (5), and (8) are the main constituents o f the 
formal solution of the wave-propagation problem. To 
compute the wave velocity for a given set o f elastic constants 
and a direction o f propagation, a computer program has 
been written to derive the value o f velocity which yields the 
minimum value o f the boundary-condition determinant. 
The computational procedure is briefly as follows: for an 
estimated value o f velocity, three lower halfplane roots q} 
are computed from equation (4) and the corresponding 
values o f and cq from equation (5). The data obtained  
is then substituted into the boundary-condition  
determinant, equation (8). If the determinant o f  
equation (8) does not tend to zero, the program iteratively 
introduces other values o f velocity until the determinant is 
zero. (With current computing facilities such a procedure is 
not particularly time consum ing.) The assumption that the 
weld material has special orthorhombic symmetry, i.e. 
hexagonal symmetry, further simplifies the com putation. In
(c55 +  c 13)/n ^
(C23+C44)WT 
c55l2-CA4n2-pC2 + c23q
= 0 (4)
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this case the nine independent elastic constants o f the 
generally orthorhom bic case are reduced to five, namely
c l l ’ c 22  =  c 33> c 12» c 13 =  c 23
c44 and c66 =  0-5(cu  - c 12)
Figure 5 shows the computed values o f the rotated surface 
wave velocity obtained for this model applied to data for a 
cast stainless steel ingot.
EXPERIMENTAL PROCEDURE FOR INGOT AND 
WELD SPECIMENS
Surface wave velocity determinations were made via critical 
angle measurements using the motorized ultrasonic 
goniometer. The transducers used were 10 mm diameter 
and were capable o f producing short pulses with a centre 
frequency o f 2-5 M H z. The specimens were examined in a 
water bath, the temperature o f  which was carefully 
controlled to 2 5 ± 0 T °C .
Figure 6 shows the ingot upon which the basic calibration 
measurements were made. It was 1 2 5 x 9 6 x 9 6  mm and, 
after machining to a sm ooth finish, was etched to show the 
columnar grain structure within it. As can be seen, the 
objective o f casting a specimen with long columnar grains 
has been achieved. The width o f the grains varies between 
0-5 and 10 mm . This is sufficiently small for the acoustic 
beam to cover at least one o f the largest grains. The 
composition o f the alloy is given in Table 1.
The first rotated surface wave criticality measurements 
were carried out at a number o f places on each o f the faces of 
the casting. The casting was then cut to yield a number of 
specimens with accessible faces at various angles to the 
columnar grain axis, so-called bias-cut specimens. Figure 4 
shows the nomenclature adopted to describe the cuts and 
the rotational measurements upon each specimen. The 
angle (f> is used to denote rotation upon the surface o f the 
specimen and the angle 6 to denote the angle o f the 
accessible surface to the axis o f the columnar grains.
The final surface wave measurements were made on a
Table 1 C o m p o s i t io n  o f  ing o t
Elem ent C Si C r M o N i
C o n ten t. w t-°n 0 0 5 2 0-64 18-2 0 0 7 9 . 9 4
Elem ent C Si C r M o N i
C o n ten t. wt-"„ 0 0 6 0 0-44 17-8 2-04 9-57
46 mm thick bulk austenitic weld. Figure l a  shows the 
thickness-width cross-section o f the weld. Once again the 
surface has been machined sm ooth and etched to show the 
grain structure. As depicted, a sample slice was cut from the 
weld. Figure l b  and c shows the length-thickness and 
length-w idth cross-sections o f the specimen respectively. 
The numbered squares indicate where ultrasonic and, later, 
X-ray pole-figure measurements were carried out. The 
com position o f this specimen is presented in Table 2.
X-ray pole-figure measurements were made on each o f the 
specimens examined ultrasonically. An averaging procedure 
was adopted in order to yield a pole figure which was 
representative o f the material covered by the ultrasonic 
beam. By this means it was hoped that the rotated 
ultrasonic SAW velocities could be correlated with the X- 
ray pole figures and then the data used to determine the 
texture variations within the weld sample.
RESULTS AND DISCUSSION 
Austenitic steel ingot
Figure 5 shows the rotated SAW velocity curves for the 
three principal faces o f the cast ingot. The x -y  plane is the 
‘isotropic’ plane. As can be seen there is no rotational 
dependence of the velocity. However, on the x -z  and y -z  
planes, i.e. those at 90° to the isotropic face, the velocity is 
Strongly directionally dependent. The theoretical velocities 
are superimposed upon the experimental data and it will be 
appreciated that the theoretical model o f the ingot texture 
seems adequate. (This is further confirmed by the pole 
figures shown in Fig. 8.) On the isotropic surface the
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discrepancy between the theoretical and experimental 
results is only ~l-5% . On the anisotropic surfaces the 
agreement is generally good, with the greatest departure at 
about 60 and 120°. The reason for this is the difficulty of  
resolving the normal surface wave criticality from the 
pseudosurface wave13,14 criticality, which is close to it in 
the region o f both these angles. The model is for an ideal 
specimen in which the columnar grains are perfectly aligned. 
This is far from the case in the experimental specimen in 
which grain misalignment inevitably occurs during the 
solidification process. It is also likely that the bulk elastic 
constants derived from bulk velocity measurements on the 
ingot and used in the computation o f the theoretical results 
will differ from those constants for surface material.
The rotated SAW velocities for the bias-cut specimens are 
grouped together in Fig. 9. In Fig. 9a the accessible surface 
has been rotated at angles from 0 to 45° to the columnar 
grain axis. In Fig. 9b the angular range is from 45 to 90°. In 
the range 0-45° the value o f the surface wave velocity  
increased as the peak velocity moved from 45 to 15°. One o f  
the most surprising features is the sudden reversal o f the 
rotational dependence o f the pseudosurface wave velocity 
at a bias-cut value o f 45°. For the range 45-90° the 
pseudowave disappears and the rotational dependence 
collapses until at 90° the isotropic condition is reached.
One of the general objectives o f these studies is to explore 
the possibility of assessing texture from measurements made 
upon the accessible length-width surface o f a weld. It is 
therefore valuable to examine the behaviour o f the SAW  
velocity on the x and z! directions (see Fig. 4). As Fig. 10 
shows when this is carried out the SAW velocity is sensitive 
to the angle of the bias cut for either axis, but more so along 
the z! axis. It will be appreciated that if, say, measurements 
on an unknown specimen along the x and z' axes yielded 
critical angles of 34 and 40° respectively, it is reasonable to 
predict that the columnar grains in the specimen are tilted at 
35° from the z axis towards the y axis. Such a prediction, o f  
course, ignores any tilts in an orthogonal plane. (This latter 
point is the subject o f our current research.) The whole 
value o f such a prediction depends upon direct similarity 
between the composition o f the calibration and unknown  
specimens.
A u s t e n i t i c  w e l d
The macrographs of Fig. 7 clearly suggest the three- 
dimensional curve of the grains within this specimen of 
weld. Tilts out o f the x -y  plane appear, however, to be 
small. The weld is thus ideal as a test for SAW texture 
assessment via the grain calibration graphs o f Fig. 9 which
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represent single two-dimensional grain tilting. For the sake 
o f brevity the results obtained for only two positions within 
it will be reported here, namely positions 2 and 8 (see 
Fig. 7b). M acroscopic examination shows the columnar 
grain orientations to be greatly different. That for position 2 
shows grain growth parallel to the y axis, whereas that for
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position 8 shows grains tilted away from the y axis towards 
the x axis.
The pole figures for three faces at position 2 are shown in 
Fig. l l a - c .  They suggest that the columnar grain axis (010) 
is tilted both out o f the y -z  plane and within it. The tilt in 
the y -z  plane is ~ 7 °  from the y axis in the z direction. The 
tilt in the y -z  plane is ~ 9 °  from the y axis in the x direction. 
The poles o f the (100) and (001) planes are scattered 
randomly around the (010) plane. (The latter observation  
correlates with that made for the ingot, see Fig. 8.) Figure 
12 shows the rotated surface wave velocity data obtained for 
positions 2 and 8. Those for position 2 indicate isotropic 
behaviour in the x -z  plane and the axis o f the columnar 
grains tilted by 12° to the y axis in the x -y  plane, but also a* 
tilt o f 10° to the y axis in the y -z  plane. (These figures are 
derived from the movement o f the dominant peak in the 
rotated velocity, cf Fig. 5.) The correlation between the
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visual, X-ray pole-figure, and ultrasonic data is thus very 
good.
The pole figures corresponding to the three principal 
planes at position 8 are shown in Fig. 11 cl-f. These suggest 
that the (010) axis is very strongly tilted out o f the y -z  plane. 
The component o f tilt in the y -z  plane is ~ 7 °  to the y axis in 
the z direction. The com ponent o f tilt in the x -y  plane is 
~ 3 8 °  from the y axis in the x direction. Again the poles of 
the (100) and (001) planes are scattered randomly around
z
X
z i- -r r
the (010) plane. The rotated surface wave velocity on the x -  
z plane is no longer constant. The angular dependence 
resembles that for the x -y  plane for position 2 but with the 
curves displaced by 2 0 \  This observation suggests that the 
grain axis is tilted by 30c from the y axis in the x direction. 
The data for the y -z  plane suggests that the grain axis is 
tilted by 5' from the y axis in the z direction. Once again the 
ultrasonic evidence correlates very well with the visual and 
pole-figure evidence.
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CONCLUSION
This work has shown that surface wave goniometry 
provides a simple method of assessing texture within an
austenitic steel ingot and an austenitic steel weld. Once 
correlated against visual and X-ray pole-figure data for the 
orthorhombic material o f the cast ingot, SAW velocity data 
can be used to yield quantitative texture determination on 
unknown material.
. As a first test upon the use o f the technique, data were 
collected from an austenitic weld. Using the ‘calibration 
data’ from the ingot it was possible to quantitatively 
determine the departure of the texture of the weld at various 
positions within it from orthorhombic symmetry.
The work also suggests that deviations from a reference 
texture might be determined from rotated SAW velocity 
measurements upon the accessible surface of a weld. The 
prospects are that the technique offers simple non­
destructive spatial determination of texture.
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